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Abstract 
 
Soils of Pleistocene age in the South Carolina Coastal Plain have experienced 
liquefaction due to historic and pre-historic earthquakes.  Numerous field and laboratory 
studies have shown that aged soil deposits maintain a greater resistance to liquefaction 
than younger soil deposits.  The currently available methods for assessing liquefaction 
potential are based on cases in which soils are of Holocene age or younger (< 10,000 
yrs).  The Pleistocene age soils that were tested and characterized varied in age from 
about 200,000 years old to 1,400,000 years old.  Several sites were investigated using 
field methods that included the seismic cone penetration test, cone penetration test, 
standard penetration test, and flat plate dilatometer.  Piezometers were installed at the 
sites.  Undisturbed soil samples were retrieved from the subsurface and frozen ex situ to 
minimize sample disturbance during transportation and laboratory handling.  The 
undisturbed samples were used for cyclic triaxial testing in the laboratory and were tested 
for shear wave velocity and compression wave velocity using in-cell transducers.  
Laboratory tests were performed to determine the specific gravity, grain size distribution, 
moisture content, unit weight, Atterberg limits, Unified Soil Classification, and visual-
manual description.  Optical petrography and scanning electron microscopy were used to 
determine the mineral content of the soils, to view grain characteristics, and to view 
microscopic features that were part of the soil aging process. 
v 
Laboratory index tests showed that Pleistocene soils consisted predominately of 
poorly-graded fine sands, silty sands, and clayey sands.  Shear wave velocities from the 
cyclic triaxial test specimens were comparable to the in situ shear wave velocities 
measured using the seismic cone penetration test.  Compression wave velocities from the 
cyclic triaxial specimens were indicative of a saturated state in the soil prior to cyclic 
triaxial testing.  The optical petrography showed that the dominant mineral in the sands 
consisted of quartz, which was accompanied by minor amounts of mica, feldspar, and 
opaque minerals.  Scanning electron microscopy indicated the presence of kaolin, showed 
alteration features on quartz sand surfaces, and also showed the presence of soil fabric in 
the form of preferred grain orientation.  Field testing using the standard penetration test 
and the cone penetration test indicated that the Pleistocene soils maintain a higher cyclic 
resistance ratio than the Holocene soils used in the current methods of analysis, however, 
the soils remain susceptible to liquefaction given expected peak ground accelerations 
where the cyclic stress ratio exceeds the cyclic resistance ratio.   
Based on the known ages of the soils, the two methods of analysis using the cone 
penetration test (Idriss and Boulanger, 2008 and Youd et al., 2001) showed out-of-
sequence age versus cyclic resistance ratio for the Idriss and Boulanger method and a 
properly sequenced age versus cyclic resistance ratio for the Youd et al. method.  The 
standard penetration test showed out-of-sequence age versus cyclic resistance ratio for all 
methods and the difference between the Holocene liquefaction curve and the Pleistocene 
liquefaction curve was less than the difference for the cone penetration tests.  Field cyclic 
resistance ratios derived from the laboratory cyclic triaxial tests, which were adjusted for 
bi-directional motion and in situ stress, resided at or below the cyclic resistance ratios 
vi 
determined for the Pleistocene soils from the field tests and in some cases below the 
Holocene liquefaction curve. 
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Chapter 1 
Introduction 
 
1.1  Research Problem Statement 
The age of soil has an effect on liquefaction resistance.  Numerous factors, which 
include diagenesis, authigenesis, and biological, mechanical, and chemical processes, 
cause changes that modify the soil (Baxter and Mitchell, 2004; Berner, 1980; Mitchell 
and Solymar, 1984; Schmertmann, 1991; Tenthorey et al., 1998).  Within the 
physiographic region of the South Carolina Coastal Plain (SCCP), which includes the 
Charleston, South Carolina seismic zone, the Pleistocene beach and barrier deposits 
consist predominantly of fine-grained, quartzose, angular to subangular sand 
accompanied by mica, kaolin, and opaque heavy minerals (Giles and Pilkey, 1965; Hurst 
and Pickering, 1997).  The ages of the soils range from about 220,000 to 1,400,000 years 
(McCartan et al., 1984; Weems and Lemon, 1988) at research sites that have shown 
evidence of prehistoric and historic liquefaction (Talwani et al., 1999).  These deposits 
have experienced numerous episodes of earthquake-induced liquefaction (Talwani and 
Schaeffer, 2001) prior to the Charleston earthquake that occurred on August 31, 1886.  
The liquefaction resistance is expected to be age-dependent for soils that were deposited 
at varying times in geologic time as the Atlantic Ocean underwent transgressive and 
regressive cycles.  Aging effects in sands have been studied by Eklund (1998), Kramer 
and Arango (1998), Lewis et al. (1999), and Troncoso and Garces (2000). 
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Some research has been performed in the past on the SCCP soils (Hu et al., 
2002a, 2002b; Leon et al., 2006), but there is a need to develop relationships between the 
age of the soil and the characteristics of the soil determined from industry-standard field 
tests such as the standard penetration test and the cone penetration test.  There is great 
practical importance for the research – that being a less conservative and more 
economical geotechnical engineering design that accounts for the increased liquefaction 
resistance of aged soils, which are not accommodated by the currently available methods 
of liquefaction resistance evaluation. 
The goals of this research are to: 1. determine the liquefaction resistance of soils 
at SCCP sites using field and laboratory methods, 2. develop a liquefaction resistance 
relationship that is suited to the SCCP soils based on the results of field and laboratory 
tests, and 3. determine the chemical and mechanical components responsible for age-
related liquefaction resistance using microscopy.  Achieving the goals of the research is 
important for the following reasons: 1. it will provide a determination of the field- and 
laboratory-based liquefaction resistance of the soils at the SCCP sites, which can be 
correlated to the ages of the sandy soils, 2. it will provide a liquefaction resistance 
relationship that is age-based and more suited to the SCCP soils rather than the general or 
global methods used to evaluate liquefaction resistance for Holocene soils at worldwide 
sites, and 3. it will provide knowledge of the components responsible for aging whether 
they are chemical or mechanical. 
Ultimately, the information gathered and developed from this research may be 
used by engineers, planners, and constructors for civil projects.  Consequently, the 
geotechnical properties, studies, research, and case histories for similar environments and 
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characteristic soil deposits are reviewed and summarized for potentially liquefiable, 
quartzose, sand deposits of coastal plains, and other dominantly quartz-based, 
cohesionless soils. 
The goals of the research will be supported by information gathered from field 
tests at sites within the SCCP and from laboratory testing of the soils from the sites.  A 
major part of this study includes field and laboratory testing at three sites of different 
ages – Four Hole Swamp (FHS) with an age of 1,400,000 years, Hollywood (HWD) with 
an age of 200,000 to 240,000 years, and Sampit (SAM) with an age of 450,000 years.  
Other portions of this study include field and laboratory testing of soils from the Fort 
Dorchester (FD) site and laboratory testing of soils from former field testing at the Ten 
Mile Hill (TMH) site. 
Knowledge of the soil properties and behavior is obtained using various 
geotechnical field and laboratory tests, which included seismic piezocone penetration 
tests with pore pressure measurement, piezocone penetration tests with pore pressure 
measurement, and standard penetration tests.  The standard penetration tests were 
performed with energy measurements.  Cross-hole shear wave velocity and flat-plate 
dilatometer tests, visual-manual identification, Atterberg limits, grain size distribution, 
specific gravity, cyclic triaxial tests, small-strain shear wave velocity and compression 
wave velocity determination using piezoelectric elements, and optical petrographic 
microscopy and scanning electron microscopy were used to characterize and determine 
the nature, behavior, and properties of the soils.  Soil samples were obtained using 
vibracore, split spoon, and an Osterberg-type piston tube sampler and piezometers were 
installed at current research sites.  Ex situ soil freezing of the piston tube samples was 
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performed prior to transporting the samples and thawing was prevented until the 
specimens were placed in the triaxial test cell. 
  Cyclic, stress-controlled, isotropically-consolidated, undrained triaxial tests were 
performed and small-strain shear wave and compression wave velocity tests were 
performed during specimen saturation and consolidation. 
 
1.2  Dissertation Overview 
The contents of this dissertation include an extensive review of literature in 
Chapter 2 that is pertinent to the effects of aging on soil behavior, particularly sand-sized, 
quartzose sediments.  The formation of cementation and the most prominent types in 
sedimentary deposits – carbonate, silicate, and clay – are presented in addition to 
biological factors and mechanical effects, particularly consolidation, that may cause age-
dependent strength development and an increase in liquefaction resistance.  The literature 
review includes information on the effect of plastic and non-plastic fines on liquefaction 
resistance and the correlation of index properties with liquefaction resistance, and the 
function of bender elements for determining small-strain shear wave velocity and 
ultrasonic transducers for determining the compression wave velocity.  The geology of 
the South Carolina Coastal Plain is reviewed and the origin and mineralogy of the 
sediments is described. 
The equipment and methods used for field and laboratory testing, which are 
described in Chapter 3, include those for determining in situ properties, particularly the 
cone penetration test with pore pressure measurement and the standard penetration test, 
the ex situ freezing of soil using solid CO2, cyclic behavior using a cyclic triaxial testing 
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unit; index properties including visual-manual identification, grain size distribution, 
specific gravity, and Atterberg limits; small-strain shear wave and compression wave 
velocities using piezoelectric elements, and mineralogy using optical petrographic and 
scanning electron microscopy. 
Chapter 4 contains the results of the processed raw data from the field tests and 
the laboratory tests.  The results include an interpretation of the soil types derived from 
the CPT and SCPT data, stratigraphic profiles derived from the CPT and SCPT data, 
profiles of SPT raw and energy-corrected blow counts and the distribution of the energy 
transfer ratio with depth, and a comparison between the profiles of the CPT corrected tip 
stress and the SPT blow count.  Also given are estimates of the water table elevation and 
the source sand depth range. 
Also within Chapter 4, the freezing progress of soil samples in the piston tubes is 
presented with the amount of expansion or contraction of the piston tube and soil sample.  
The index characteristics (color, dilatancy, plasticity, dry strength, odor, grain angularity 
and sphericity, primary grain size, grain fraction amounts, grain diameters at 10, 30, 50, 
and 60% passing, coefficient of uniformity, coefficient of curvature, reaction to 
hydrochloric acid, Atterberg limits, specific gravity, and USCS) of the soils are tabulated 
for the sites at which samples were collected, those being Fort Dorchester, Four Hole 
Swamp, Hollywood, Sampit, and Ten Mile Hill. 
Chapter 4 additionally includes the dry, frozen, and saturated unit weights and 
initial void ratios from the cyclic triaxial specimens, which are presented in tabular 
format and are plotted with elevation.  The laboratory shear wave and compression wave 
velocities of the cyclic triaxial specimens are tabulated for the ends of stages including 
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primary saturation, backpressure saturation, and consolidation.  The laboratory shear 
wave velocity is compared to the field shear wave velocity to determine the degree of 
disturbance experienced by the soils during sample retrieval.  The data from the cyclic 
triaxial tests are plotted to show the evolution of the pore pressure ratio and axial strain 
with the cyclically applied deviator stress.  The cyclic triaxial test data is further reduced 
to show the relationship between the cyclic stress ratio and the number of cycles required 
to induce initial liquefaction at a pore pressure ratio equal to one and at 2.5% double 
amplitude strain.  Finally, photographs of soil specimens from the piston tube samples are 
presented from the petrographic microscope and the scanning electron microscope.  
Minerals are identified primarily in the petrographic microscopy photographs and greater 
details, such as evidence of dissolution and grain orientation, are shown in the scanning 
electron microscopy photographs. 
Chapter 5 contains the analysis of the data from the field and laboratory tests and 
develops relationships between the field data and laboratory data relative to the age of the 
soil.  The liquefaction resistance for the soils of varying Pleistocene ages is determined 
using the currently available methods by Cetin et al. (2004) and Seed et al. (2003), Idriss 
and Boulanger (2008), and Youd et al. (2001).  The field cyclic stress ratio for a moment 
magnitude of 7.5 and varying levels of peak ground acceleration is compared to the field 
cyclic resistance ratio based on the cone penetration and standard penetration tests, which 
indicates the conditions that will cause soil liquefaction.  Cyclic resistance ratio curves 
based on the field data from each Pleistocene-age site are compared to the cyclic 
resistance ratio curves based on the Holocene data of the currently available methods and 
compared to each other to illustrate whether older soils maintain greater liquefaction 
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resistance relative to younger soils.  The KD value from the flat plate dilatometer test and 
the qc value from the cone penetration test were used to determine K0, which was then 
used to correct the cyclic stress ratio determined from the cyclic triaxial tests to the field 
cyclic resistance ratio based on the cyclic triaxial test.  This value is then compared to the 
field cyclic resistance ratio based on the penetration tests.  Ultimately, a relationship 
between the age of the soil, the qc1N value from the cone penetration test, and the cyclic 
resistance ratio is derived. 
Chapter 6 contains the conclusions of the analyses performed using the cone 
penetration and standard penetration tests and the cyclic triaxial tests with consideration 
given to the ages of the soils at each site and the limitations of the analysis.  Conclusions 
regarding the microscopy analyses and cyclic triaxial tests are included in addition to 
other aspects of the field and laboratory testing phases.  Lessons learned and ideas for 
future work are described. 
Appendix A contains plots of data from the cone penetration tests, which include 
tip stress, sleeve stress, friction ratio, and pore pressure.  The research sites include Fort 
Dorchester, Four Hole Swamp, Gapway, Hollywood, and Sampit. 
Appendix B contains the results of the cyclic triaxial tests, which include the pore 
pressure ratio, axial strain, and deviator stress plots measured relative to the number of 
loading cycles.  The test results from specimens obtained from Four Hole Swamp, 
Hollywood, and Sampit are included. 
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2.  
Chapter 2 
Background 
 
2.1 Introduction 
A review of existing literature has been performed to qualitatively and 
quantitatively describe the effect of aging on soil strength, the effect of fines on 
liquefaction resistance, the ex situ freezing of sandy soils, and the geology and origin of 
the South Carolina Coastal Plain sand deposits and associated minerals.  Quartz sands of 
the South Carolina Coastal Plain (SCCP) have been subjected to varying degrees of 
weathering, concentrations of detrital minerals, and redeposition and have been subjected 
to environments that promote mechanisms of aging.  In general, coastal plain regions are 
complex and involve hydro-chemical, biological, hydrological, and morphological 
processes that occur during transgressive and regressive sea sequences (Chamley, 1990) 
such as those experienced during the geologic history of the SCCP. 
The mechanisms for aging are chemical and mechanical and are time-dependent.  
These mechanisms are described for soils consisting predominantly of quartz sands and 
for various types of compounds that may have a strengthening effect within the soil that 
are found or may have been likely present in the SCCP soils.  The definition of soil aging 
is discussed and the aging processes – chemical, mechanical, and biological – are 
described.  The most common types of chemical cementation – carbonate, sulfate, 
silicate, clay, and biological – are reviewed and summarized as is the mechanical process 
9 
of sediment consolidation.  Aging effects and strength development are described for 
South Carolina sands and the strength gain associated with aging is summarized for 
cyclic triaxial strength.  In situ aging has been studied for cases where artificial 
densification of soils has occurred.  A summary of the effect of fines content and fines 
mineralogy and the geology and origin of the South Carolina Coastal Plain soils are 
presented. 
 
2.2 Soil Aging Defined 
The aging of sediments can occur by way of two main processes.  Chemical 
factors include molecular bonding and the formation of minerals that may act as 
cementitious agents that would cause the soil particles to bond to each other.  The 
mechanical factor occurs by way of consolidation, which causes the soil grains to have 
greater contact with each other and greater intergranular interlock due to an increase in 
the effective stress within the soil.  Consolidation of the soils would have occurred after a 
disturbance, such as an earthquake, that caused liquefaction of the soil and resettlement 
of the soil grains or by an increase in the effective vertical overburden stress.  The 
geological definition that encompasses cohesive and non-cohesive soil aging is described 
by the various processes that occur through diagenesis and authigenesis.  Diagenesis, as 
defined by AGI (1976), is the process involving physical and chemical changes in 
sediments that convert soil to consolidated rock, which includes compaction 
[consolidation]1, cementation, and recrystallization.  Authigenesis is defined as the 
 
1 The terminologies “compaction” as used in geology and “consolidation” as used in geotechnical engineering are 
equivalent.  The term “compaction” in cited references has been changed to “consolidation”. 
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formation of minerals occurring in situ and prior to soil burial and consolidation (AGI, 
1976).  
From a geotechnical perspective, non-cohesive soil aging has been defined by 
various investigators based on purpose or function and, therefore, having a different or 
limiting definition.  Calmeau et al. (2001) defines aging as the “development of 
interparticle bonds” in a study of strength gain in dredged soils, Axelsson (2002) defines 
aging for pile setup to include soil creep and particle interlock with the pile and the 
development of horizontal stress, and Schmertmann (1991) defines the time-dependent 
aging process as one that produces an increase in shear strength, modulus, and 
penetration resistance.  Outside of the natural range of processes, the general alteration of 
soils – mineralogy, fabric, chemistry, physical properties, etc. – may be caused by 
human-induced environmental changes, such as pollutants or contaminants and ground 
modification materials of varying physical and chemical properties. 
A global definition adopted from the various definitions of aging is as follows: the 
natural processes of diagenesis and authigenesis and the mechanical and chemical 
processes caused by natural processes and human-induced conditions.  Soils are referred 
to similarly as sediments and deposits. 
 
2.3 Soil Aging Processes 
There are many causes of soil aging when considering the full range of soil types, 
from fine- to coarse-grained, and from cohesionless to cohesive.  The aging mechanisms 
are of diagenetic and authigenic origin and consist of both chemical and mechanical 
processes that are detailed by Berner (1980), which provides an extensive work on the 
11 
types and processes of sediment diagenesis and authigenesis for fine-grained marine 
sediments.  The processes are, in part, applicable to coarse-grained sediments and are 
grouped as follows:  physical processes - consolidation, deposition rate, factors affecting 
porosity (such as gradation and bioturbation), and particle reorientation; diffusion 
processes - molecular and surface diffusion, dispersion, wave and current stirring, 
boundary bioturbation, and pore fluid mixing; biological processes - shallow bioturbation 
at the benthic water-sediment interface for submerged sediments; and chemical processes 
- solubility, equilibrium adsorption, ion exchange, microbial reactions, precipitation 
(nucleation and crystal growth through transport and surface reaction); dissolution; and 
mineralization due to redistribution, flow/diffusion, precipitation, and replacement from 
external sources.  A more in-depth treatment of diagenetic processes is found in 
Diagenesis, IV (1994) and Berner (1980), which examine diagenesis within the 
framework of sedimentology. 
Barton (1993) described the natural transition of sands to sandstones as a 
diagenetic process.  Sand diagenesis is a gradational process that produces a 
progressively greater cohesion that consists of two components – particle interlocking 
and particle bonding- that evolve through three diagenetic stages: 1. aging with increased 
stiffness and no cohesion, 2. particle interlocking and bonding producing cohesion, and 3. 
changes resulting in indurated sandstone.  Barton et al. (1993), in proposing a 
classification system for the states of sand diagenesis, notes the types of cohesion in 
sands, which consist of interlock, cementation, clay matrix, and suction. 
Youd and Perkins (1978) stated that liquefaction potential is related to aging for 
many deposits in numerous geologic environments.  Near-surface sediments show aging 
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through the presence of cementation with silica, clay, or calcite can have a significant 
influence on the liquefaction resistance of a soil. 
The various types of processes that occur during the aging of soils are 
summarized in the following sections.  The processes cover the range of possible 
chemical and mechanical forms that would induce greater liquefaction resistance to the 
sandy soils of the South Carolina Coastal Plain. 
 
2.3.1  Chemical Cementation 
The types of chemical cementation include compounds containing carbonate, 
sulfate, silica, clay mineral, and biological activity.  The formation of these occurs in situ 
and they have been investigated because they are the most likely forms of cementation 
when considering the geology of the SCCP.  There have been many studies of chemical 
cementation, which are presented in the following sections. 
 
2.3.1.1 Carbonate Cementation 
Examples of carbonate mineral formation in sediments include work by Scoffin 
(1986) in which the process of beach rock formation was studied.  The formation of the 
beach rock (an indurated, carbonate-cemented sediment) required conditions that 
included warm water supersaturated with calcium carbonate, a high water flux at the 
sediment-water interface, permeability of the surface deposits, and a stable base with a 
slow rate of deposition. 
Stephens et al. (1973) studied the sedimentary characteristics of Pleistocene beach 
barrier sand along the northern section of the South Carolina Lower Coastal Plain.  At the 
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uppermost elevation of the beach ridge the quartzose sand is poorly-sorted, 
unconsolidated, cross-bedded, and contains an iron-rich carbonate (ferricrete) layer.  A 
clay layer about 5 to 20 cm thick underlies the sand.  No fossils were found in the upper 
sand, but they occurred within and below the ferricrete layer.  Fossil shells occurring in 
the upper quartz sand appear to have been dissolved by the downward movement of 
meteoric water and the ferricrete layer indicates that carbonate saturation has been 
reached at that depth.  The reason for this study was to show that the absence of fossils 
within the sand cannot be used as evidence that fossils were not present during 
deposition. 
Sand cementation has been induced by bacteria present in soil (DeJong et al., 
2006).  Cohesionless Ottawa sand was cemented by microbially-precipitated calcium 
carbonate.  The sand was then tested in CIUTX compression tests, the shear wave 
velocity was determined using bender elements, and the sand was studied using SEM.  
SEM showed calcite formed on the grain surfaces and at the contacts between grains and 
the bacteria were encased in the calcite.  Noting that an increase in cyclic stress ratio is 
well-correlated to an increase in shear wave velocity up to a limiting point (Andrus and 
Stokoe, 2000), the shear wave velocity for the microbially-treated sand was about 2.5 
times greater than the untreated sand at zero percent axial strain.  A parallel increase in 
the shear ratio occurred with the increase in shear wave velocity.  The shear wave 
velocities converged as the strain increased.  Aspects considered in this study included 
the following: the size of the bacteria and its mobility through soil pore spaces and 
throats, bacterial metabolism and byproducts, and changes in the soil and fluid chemistry 
that favor mineral precipitation. 
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Beckner and Mozley (1998) have studied the origin and spatial distribution of 
vadose- and phreatic-emplaced calcite cements in the Miocene Zia Formation in New 
Mexico.  Sediments have been deposited by way of fluvial, aeolian, and playa lake 
environments.  In general, the formation contains well-cemented and poorly consolidated 
layers of sediments.  These are subdivided into sand-dominated, aeolian, and fluvial-
aeolian members; a mud-dominated, fluvial member; and a sand-dominated, aeolian-
fluvial member.  The main conclusion of this research is that cementation in the phreatic 
zone occurred in zones of high permeability such as the coarser and better sorted deposits 
of aeolian sheetsands and cross-stratified dunes.  Carbonate precipitation and cementation 
in the vadose zone occurred during soil formation (pedogenic carbonate).  These 
carbonate zones occur in finer-grained sediments that are poorly developed and 
discontinuous.  The source of the carbonate is unknown. 
The presence of calcite-cemented concretions in shallow marine, coastal beach, 
and dune sands in Italy was studied by McBride and Parea (2001).  The concretions are 
of Pleistocene age and were formed by two separate processes.  Vertically oriented 
concretions are the result of the downward movement of vadose meteoric water and the 
horizontally oriented concretions have formed by the precipitation of minerals from 
phreatic groundwater that flows to the coast.  The source of the calcite, present as a low 
magnesium calcium carbonate, is hypothesized to be derived from CO2 in the soil and 
shells.  The precipitation mechanisms include plant respiration, microbial activity, or pH 
changes due the mixing of rain and seawater. 
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2.3.1.2  Sulfate Cementation 
Sand deposits along parts of the Saudi Arabian coast are described by Fryberger 
et al. (1983).  The sand was mostly quartz that was deposited by strong offshore winds in 
dunes, interdunes, sand sheets, and siliciclastic sabkha sediments.  In general, 
cementation of each landform is due to soil formation, precipitation of gypsiferous 
cement (CaSO4) within the pores from saturated solutions in the near-surface, oscillating 
watertable, and the addition of sand-size, windblown evaporites.  Seawater is a source of 
precipitants.  The preferential precipitation of brines and saline compounds require 
repeated evaporation of water replenished by a source, such as through capillary 
evaporation. 
Laboratory tests using bender elements were performed using artificial gypsum 
(CaSO4) cement with quartz sand (Lee et al., 2011).  The bender element tests showed a 
significant effect as reflected in the small strain shear modulus.  Moduli increased from 
about 35 to 2100 MPa for 0% and 10% gypsum content, respectively. 
 
2.3.1.3 Silicate Cementation 
In a scanning electron microscopic study of the dissolution of sand-size quartz 
grains in soils ranging in age from about 90 ka to 13 Ma before present, quartz grain 
etching was found to be increasingly more significant in older soils that experienced 
longer environmental exposure (Howard et al., 1995).  Although weathering has occurred 
in a humid-temperate climate (the Virginia Fall Zone) for a much longer period than 
quartz in a humid-tropical environment (South Carolina Coastal Plain), it shows the 
equivalent degree of weathering as exhibited by the degree of quartz etching. 
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Quartz sand surface morphology of Neogene deposits in Spain (Cater, 1984) show 
etching features for numerous depositional environments, including subaqueous and 
aeolian conditions.  In some cases, the sources for silica include silica-precipitating soils, 
silica-saturated rivers, and inter-tidal zones where intergranular fluid undergoes cycles of 
evaporation.  The chemical conditions for etching are mostly due to changes in fluid pH.  
When the pH is greater than 9, silica dissolves more quickly than at a pH less than 9, 
which may be an indicator of marine conditions (that are typically silica-undersaturated).  
Particular etching features may be indicative of diagenesis and not deposition in silica-
undersaturated water. 
The reduction of sediment permeability was investigated by Tenthorey et al. 
(1998) in experiments with labradorite and quartz mixtures in deionized water.  Flow-
through tests were performed at temperatures from 25°C to 275°C (77°F to 527°F) and 
deviator stresses from 25 MPa to 90 MPa (522 ksf to 1880 ksf).  For the case of the 25°C 
test, the permeability increased by a factor of two and became constant.  This is 
hypothesized as due to an initial flushing of fines from the pores and the very slow 
kinetics of dissolution at low temperature.  Also, fines flushing may occur at all 
temperatures, but is eclipsed by the high rate of the dissolution/precipitation process.  It 
was determined that a secondary mineral precipitate derived from the labradorite can 
have a significant effect on the permeability. 
Worden and Morad (2003) noted that certain clays, particularly chlorite, prevent 
quartz cementation and decrease the magnitude of pore closure.  Worden (2004) analyzed 
the conditions for quartz cementation from a petroleum reservoir perspective.  Of the 
assumptions listed for quartz cementation, none are judged to be an absolutely singular or 
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synergistic process when considering the source and transport of dissolved silica and 
quartz precipitation.  However, the assumptions that are most viable include the 
following: intergranular effective stress, quartz cementation is an uninterrupted process 
until all pore spaces have been filled, temperature controls the cementation rate, grain 
cementation may be occluded from quartz growth due to surface coating, the cementation 
rate is controlled by the precipitation rate, and the source of the cement is due to pressure 
dissolution. 
Low temperature quartz cementation of Upper Cretaceous sandstone consisting of 
nearly 100% quartz was studied by Macaulay (2003) using isotopic analyses in an effort 
to determine paleo-fluid movement, temperature distribution, and the source of the silica 
cementation.  The sandstone was almost wholly uncemented and friable except for two 
quartz-cemented layers each about 1 m thick.  The hypothesis set forth for the silica 
source of the quartz precipitate is that siliceous sponge spicules in overlying sediment 
layers above the watertable underwent dissolution and precipitated at the paleo-
watertable.  Precipitation of the silica occurred at low temperatures ranging from about 
20 to 50°C from a mixed marine/meteoric water. 
In a study of reservoir heterogeneity by Yin, et al. (2005), the diagenetic evolution 
of the Tensleep Sandstone was detailed from the initial coastal deposits of quartz arenite 
in aeolian dunes, interdunes, and sand sheets.  The depositional environment caused 
variations in lamination, grain size, porosity, and permeability.  Also, mineral 
precipitation and consolidation increased the reservoir heterogeneity.  Precipitation of 
cementing minerals reduced the porosity and caused anisotropy in permeability and 
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quartz overgrowth after precipitation.  Mineral precipitation occurred from hyper-saline 
solution and evaporation. 
 
2.3.1.4 Clay Cementation 
The diagenesis of primarily quartz and carbonate sands was studied by Du 
Bernard and Carrio-Schaffhauser (2003) for quartz arenite in which cementation occurred 
through the infiltration of kaolinite particles that formed interparticle menisci.  Winspear 
and Pye (1995), studying late Pleistocene to late Holocene aeolian dune sands, found the 
grains had partial clay coatings that formed structures on the grain surface.  The clay 
particles consisted of smectite, smectite-illite, and kaolinite.     
Rad and Clough (1985) studied the behavior of two variably-cemented beach 
sands from the bluffs south of San Francisco.  The cementation of weakly-cemented sand 
was due to partial coverage of the grains with iron oxide and a very small amount of clay 
and calcite.  The second sand, which was classified as moderately-cemented, had grains 
covered with clay and iron oxide with a small amount of calcium carbonate.  Drained 
triaxial test results indicated the type and quantity of particle cementation affected the 
strength and density.  The greater amount of cementation increased the deviator stress by 
a factor of 4.3 at a confining pressure of 69 kN/mm2 and a factor of 1.3 at a confining 
pressure of 276 kN/mm2 relative to the weakly-cemented sand.  For both sands, the 
increase in confining pressure produced greater ultimate strength, modulus, failure strain, 
and ductility.  The residual cohesion indicated that not all cementation bonds were 
broken. 
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Ketzer et al. (2003) studied the distribution of various minerals, particularly 
kaolin, within siliciclastic rock along the U.S. northern Atlantic coast.  A predictive 
model for the distribution of diagenetic clay minerals generated by precipitation from 
pore fluid (authigenesis), alteration of silicates, mechanical clay infiltration, and 
consolidation of ductile argillaceous grains was developed with consideration given to 
cyclic changes in sea level, the migration of meteoric water, and the size of the meteoric 
zone.  The formation of kaolinite resulted from greater amounts of meteoric water 
causing dissolution of silicates, particularly micas and feldspars.  This process occurs in 
warm, semi-humid to humid climates. 
Ryan and Reynolds (1996) determined the origin of chlorite that coated 
predominantly quartz grains of sandstone during early diagenesis after deposition had 
occurred as deltaic, shallow marine, and alluvial sediments during an inferred tropical, 
shallow marine setting.  Chlorite was an authigenic mineral that formed during early 
diagenesis and was derived from a reprecipitated mineral.  The significance of the study 
was that the presence of a mineral, chlorite, as a quartz grain coating may have prevented 
silica cementation from occurring by reducing or eleiminating nucleation sites, which 
subsequently preserved high primary porosity.  Quartz cement was found in cases with 
very little to no chlorite coating.  The coating prevented the formation of quartz cement 
by reducing or eliminating nucleation sites.  The formation of quartz cementation was 
typically greater for finer grains of sand. 
Thin-sections were used by Milliken (2003) to study the authigenic formation of 
kaolinite in a middle Pennsylvanian quartz sandstone in the southern Appalachian Basin.  
An uneven and very discontinuous distribution was observed.  It was hypothesized the 
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uneven distribution might be due to biogenic mechanisms.  The kaolinite occurs in 
primary and secondary pores and was precipitated mostly after quartz cementation and 
before grain dissolution.  The kaolinite was derived from the dissolution of local feldspar 
by acidic fluid.  A small amount (< 1% of total kaolinite) of kaolinite was found between 
expansion-separated mica flakes.  The majority of kaolinite occurs within the pore spaces 
of the sandstone. 
Authigenic kaolin, frequently found in sandstone petroleum reservoirs, as 
determined by Marfil et al. (2003), occurs within quartz arenites and is found on the 
surface of quartz overgrowths in the pore space of consolidated sediment.  The movement 
of meteoric water through the sediment initially dissolves carbonate cements and then 
kaolinite is formed from feldspar.  This process occurred in fluvial to shallow marine 
environments.  Furthering the study of post-depositional diagenetic processes, 
Mangelsdorf and Sayles (year unknown) examined the transition from a marine 
environment to meteoric water flushing and the subsequent effect on the quantities of 
magnesium, calcium, and potassium remaining within the sediment. 
Quartz sandstones of the Silurian and Devonian periods have experienced changes 
due to the dissolution and kaolinization of detrital feldspar, mica, and clay that was 
exposed to meteoric water at shallow depth (De Ros, 1998; De Ros et al., 2000).  Due to 
the weathering of feldspar, authigenic kaolin and illite replaced feldspar or filled 
intergranular and dissolution pores.  The kaolin is distributed at shallow depth and 
formed with exposure to meteoric water.  The porosity of the sandstone during early 
diagenesis was redistributed because mineral dissolution and precipitation were 
approximately equal on a volumetric basis.  During early diagenesis (eodiagenesis), clay 
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forms and clay infiltration occurs, feldspar weathers and minerals dissolve, and titanium 
and iron oxides are formed as the sediment undergoes consolidation.  The weathering of 
feldspar also provides minerals for the later precipitation of quartz, which typically 
occurs at temperatures greater than 100°C and at burial depths greater than two to three 
kilometers.  Similar findings for the diagenetic sequence were reported by Hartmann et 
al. (2000) for Upper Palaeozoic basin sandstones in Oman.  A study of the diagenetic 
sequence was available from the ground surface to a depth of 5000 m. 
 
2.3.1.5 Biological Cementation 
Mitchell and Santamarina (2005) reviewed the effect of microbiological activity, 
particularly bacteria and bacterial processes, organic matter, oxidation and reduction, 
gaseous compounds, and mineral precipitation on soil properties and behavior.  
Biological influences are thought to have a more limited effect in coarse-grained soils as 
opposed to fine-grained soils.  However, biological activity may affect the diagenetic 
processes, such as cementitious precipitates, internal weathering, fines migration, 
seepage, clogging, and the formation of bacterial film on soil grains. For seepage and 
clogging, the relative size of the bacteria to the soil particle controls the ability for the 
bacteria to move through the soil as an evenly distributed mass or as a discrete 
concentration.  Also, biopolymers have been used to alter the hydraulic conductivity of 
barrier walls. 
As summarized earlier, DeJong et al. (2006) used bacteria to precipitate calcium 
carbonate within Ottawa sand.  Studies performed by Baveye et al. (1998), Hill and Sleep 
(2002), Seki et al. (1998), and Dennis and Turner (1998) show the effect of biological 
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growth and clogging on hydraulic conductivity.  A decrease of more than three orders of 
magnitude may occur in soils within the hydraulic conductivity range from 10-4 to 10-1 
cm/s and reaching a minimum in about 10 to 40 days.  The bacterial clogging of pores in 
1 mm diameter silica beads was found to decrease hydraulic conductivity by almost one 
order of magnitude and 0.70 mm diameter sand by about two orders of magnitude. 
The presence of organic matter in coastal environments undergoes aerobic and 
anaerobic decay.  Anaerobic decay occurs in the presence of sulfate-reducing bacteria, 
which generate organic acids (Chamley, 1990).  Information gathered by Dutton (1889) 
from the 1886 Charleston, SC earthquake, noted that one observer noticed a “… strong 
odor; remarkable for the presence of sulphur gases, permeated the atmosphere, and was 
perceptible throughout the night”. 
Fein (2000) performed a survey of experimental and field studies of the effects of 
organic sources on silica transport during diagenesis and on the extent and rate of quartz 
dissolution.  The conclusions of this work indicated there is no significant increase in 
solubility through chelation (aqueous silica-organic complexation) and does not control 
silica transport in deep formations and that some organics may have some interaction, but 
do not occur in large enough quantities to affect silica mobility.  Mineral surface silica-
organic complexation increases the dissolution rate of quartz and other silicates, however, 
with increasing temperature the dissolution rate decreases.  The effect of microbial 
organics at the near-surface may affect silica transport by way of metabolic processes by 
influencing or suppressing silica production and by inducing silicate precipitation. 
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2.3.2  Consolidation 
The primary mechanical manifestation of soil aging is consolidation.  This has 
been studied for many geologic and geotechnical conditions, which are presented in the 
following summaries. 
The time-dependent aging process has been defined as producing an increase in 
shear strength, modulus, and penetration resistance and is the product of mechanical 
changes within the soil - particle movement and changes in structure or fabric 
(Schmertmann, 1991).  Secondary compression is closely associated with aging effects 
and produces grain rearrangement into a denser structure, although this does not 
encompass the total aging effect.  The increased interlocking of sand grains, as evidenced 
by greater dilatancy in older sands, requires some strain to mobilize interlocking and 
contributes to the aging effect.  Dusseault and Morgenstern (1979) studied the behavior 
of locked, quartz sands that maintain a high friction angle and zero cohesion, which 
developed through geologic time.  The increased interlocking of the sand grains and 
consequent increase in frictional strength is due to the dissolution and re-precipitation of 
silica on the sand grains without grain cementation.   
Skempton (1986) has performed studies of sand that included the effects of aging 
through the use of the standard penetration test.  The aging effect is attributed to 
consolidation of the sand with blow count to relative density ratios (N/DR) increasing 
with the age of the sand and Seed (1979) discusses the liquefaction potential of soils as 
being affected by factors such as: characteristics of the grains, which can cause cyclic 
stress ratios to vary up to ± 20% from average at a pore pressure ratio (ru) of 1.0; grain 
fabric, which has been shown to cause up to a 200% difference in the number of cycles 
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required to reach ru = 1.0; seismic history, which indicates a greater number of cycles to 
reach ru = 1.0 for sand having experienced a prior seismic event; lateral earth pressure 
and overconsolidation, where higher values of Ko require a higher cyclic stress ratio to 
cause liquefaction at ru = 1.0; and the age of the soil, which can cause a 25% increase in 
the cyclic stress ratio at ru = 1.0. 
Owen (1987) discusses the deformation process of unconsolidated sands, the 
mechanics of liquefaction, and the post-liquefaction process of sedimentation.  After 
liquefaction occurs, the sediments begin to settle gravimetrically and the grain contacts 
are reestablished, but there is a change in the depositional soil fabric.  Sedimentation 
following the liquefied state is dependent on the thickness of the soil layer, the fall 
velocity of the grains, and the volume of the grains within the liquefied volume and 
within the deposit.  A time estimate for sedimentation of a one meter (3.3 ft) thick quartz 
sand layer in water ranged from tens of seconds to a few minutes. 
 
2.3.2.2  Soil Fabric 
Wan and Guo (2001) produced a model for studying the effect of initial fabric on 
the cyclic strength of sand.  The experimental behavior of various sands is presented as 
follows:  1. dry-placed sand exhibits much greater flow failure than moist-placed sand at 
equal void ratios and is interpreted as a function of fabric and dilatancy, 2. fabric has an 
effect on the undrained response of sand at similar void ratios in triaxial extension and 
compression, and 3. the effect of fabric, as similarly presented in Sato (1999), was 
studied by varying the direction of the major principal stress relative to the bedding plane 
with similar results – flow failure was fully developed when the major principal stress 
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was oriented parallel to the bedding plane.  This was interpreted as the fabric having a 
significant effect on the liquefaction of the sand.  Likewise, Byrne and Beaty (1999) 
concluded that soil fabric is significant and that samples prepared using water pluviation 
best simulate the behavior of natural, undisturbed sediments.  As expected to be the 
nature of aeolian deposits, including beach and dune soils, Yoshimine and Koike (2005) 
performed cyclic triaxial tests to determine the effect of sand stratification due to grain 
segregation on liquefaction.  The results showed that sand-layering was a significant 
factor that caused an increase in liquefaction resistance.  As an example, at a DR of 60%, 
a CSR of 0.20, and an effective confinement pressure of 100 kPa, the number of cycles to 
liquefaction was two for the uniformly prepared specimens and about 700 for the grain-
segregated specimens. 
 Mulilis et al. (1977) performed cyclic triaxial tests using Monterey #0 sand and 
varied the method of compaction to cause a change in the fabric of the soil.  Specimens at 
about 50% relative density were formed by pluviation through air and water and tamping 
and rodding of moist soil.  The results showed the lowest number of cycles to initial 
liquefaction at ± 2.5% strain occurred for the air-pluviated specimens followed by the 
water-pluviated, dry rodded, moist-rodded, and moist-tamped specimens. 
 
2.3.2.3  Grain Characteristics 
Lee and Fitton (1969) found that an increase in D50 caused an increase in the 
cyclic strength of granular soil.  Wong et al. (1975) observed the same, but also found 
that soil specimens with a D50 of 0.1 mm had the lowest liquefaction resistance for soils 
with D50 ranging from 0.01 to 30 mm.  It was also found by Wong et al. (1975) that well-
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graded sand maintained a lower cyclic strength than poorly-graded sand.  Poorly-graded 
sand has a narrower range of grain sizes than the range of sizes in a well-graded sand that 
is susceptible to liquefaction (Towhata, 2008).  The D50 for the highly liquefiable range 
of poorly-graded sand ranges from 0.08 to 0.75 mm and the D50 for the highly liquefiable 
range of well-graded sand ranges from 0.02 to 1.0 mm. 
For equal relative densities, angular sand tends to be more liquefaction resistant at 
low confining pressures than at high confining pressures than rounded sand grains (Vaid 
et al., 1985).  Higher grain angularity also tends to increase the minimum and maximum 
void ratio range (Miura et al., 1997 and Cubrinovski and Ishihara, 2002). 
 
2.4 Aging Effects and Strength 
2.4.1  Laboratory Tests 
2.4.1.1  Cyclic Triaxial Test 
Undrained cyclic loading tests have been performed by numerous investigators 
using predominately sand in comparative studies of undisturbed versus reconstituted 
(remolded) soil specimens.  Undrained cyclic triaxial tests were performed by Zhou et al. 
(2005).  The tests were used to determine the effects of cyclic loading-induced soil fabric 
changes on subsequent cyclic loading of the sand and the changes in the maximum small 
strain shear modulus (Gmax).  The results showed the cyclic loading effect causes lower 
Gmax than non-effected sand at the same effective stress.  Also, the cyclic loading effect 
contributed to inter-granular slippage, grain crushing, and fabric rearrangement – all of 
which serve to reduce Gmax.  A pertinent conclusion is that current seismic response 
analyses may overestimate Gmax. 
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Vaid and Thomas (1995) tested saturated Fraser River sand in static and cyclic 
undrained loading and related the behavior to liquefaction and post-liquefaction behavior.  
Specimens were reconstituted and placed using water pluviation, which is thought to 
reproduce the original depositional environment.  Static tests included the parameters of 
density and confining stress variations and compression and extension stress paths.  
Cyclic tests causing liquefaction included the parameters of density variation and 
confining stress and the post-liquefaction cyclic as affected by maximum shear strain, 
relative density, stress path, and confining stress before cyclic loading.   The method of 
reconstitution (water pluviation vs. moist tamping) and the volumetric response 
(contractive vs. dilative) of the sand are related and indicate the influence of soil fabric 
produced by moist tamping on the soil response.  Furthermore, water-deposited sands are 
shown to be anisotropic in the undrained case in numerous studies and the expectation of 
contractive vs. dilative response must be considered carefully in liquefaction analysis.  
Through this testing, an expedient method for assessing the post-liquefaction behavior of 
sand consists of performing a static load/unload cycle. 
 Salomone et al. (1978) performed cyclic triaxial liquefaction tests on silty, fine to 
medium sands of Tertiary age in the New Jersey coastal plain.  The sand portion is 
composed of calcium carbonate shell fragments, detrital quartz, and glauconite and is 
variably cemented, including the classification of sandstone, with homogeneous 
mineralogy and texture and without any distinct bedding fabric.  The influence of the 
cementation was investigated using intact and reconstituted specimens of the weakest 
sands and it was found that correlations between strength and index properties were not 
apparent due to the cementation effect.  The variations in the cyclic strength were 
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reflective of the variations in cementation and the reconstituted specimens showed lower 
and more uniform cyclic strengths.  Due to the influence of cementation, the use of 
relative density is misleading as the sands maintain a low relative density, but behave as 
though at a higher relative density for an uncemented sand. 
Yasuda et al. (1994) studied the liquefaction of silty sand, used as fill, in 
reconstituted and intact form using undrained cyclic triaxial tests.  The cyclic stress ratio 
causing liquefaction of naturally-occurring silty sands is two to five times greater than 
that of the silty sand fill, which indicates an aging effect independent of the fines content.  
Also, the test results indicated the liquefaction resistance of the intact silty sand was 
approximately equal to a fine sand recently used as fill and the liquefaction resistance 
increased for the silty sand at a greater rate relative to a clean, sand fill. 
Ishihara (1985) notes that it is likely the strength of undisturbed sand due to 
cementation and aging imparts some initial resistance to cyclic loading and the sand 
eventually reaches a disturbed condition.  In testing of the Niigata sand, reconstitution 
resulted in initially more liquefaction-susceptible behavior relative to the undisturbed 
sand.  However, with an increasing number of cyclic loadings, the undisturbed sand 
eventually behaved similarly to the reconstituted sand.  In loose, predominantly fluvial 
deposits, it is surmised these young soils have less likely experienced any diagenetic 
processes that increase the soil strength.  Dense sand, which may be older, is more likely 
to have been subjected to aging processes.  It was also noted that undisturbed samples 
from dense sand may be more prone to the effects of disturbance than undisturbed, loose 
sand (ed.: cementitious bonds, which are fragile, may be broken during sampling of 
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denser, older samples whereas younger, looser deposits have not developed to the same 
degree of bonding as in denser deposits). 
Cyclic triaxial testing of cemented sand from along the Israeli coastal plain was 
performed by Frydman et al. (1980) and Frydman (1982).  The Holocene and Pleistocene 
coastal deposits have been diagenetically cemented by calcium-rich solutions.  The sand 
is found in thick sections that have been deposited into dunes by water and wind and 
consists of weakly and moderately calcite-cemented quartz grains with the inclusion of 
calcite crystals, small shell fragments, and other calcareous material.  Block samples 
were obtained, frozen, and cored to produce intact specimens.  As compared to 
reconstituted specimens, the intact specimens showed similar cyclic strength for 
approximately equal relative density as determined from SPT blow counts.  In general, 
the number of cycles to cause liquefaction decreased with an increase of confining 
pressure.  It was surmised there was greater breakage of cementitious bonds with an 
increase in confinement pressure, which were greater than those resulting from sediment 
diagenesis. 
Anderson and Stokoe (1978) studied the change of shear modulus over time for 
various soils using resonant column tests.  The time-dependency consists of two phases – 
an initial phase due to primary consolidation and a second phase due to long-term effects.  
Coarse-grained soils typically exhibit only the long-term effect. The magnitude and 
duration of confinement has a significant influence on the increase of shear modulus with 
time.  An age factor, which is defined as the time since the start of the most significant, 
recent change in stress history relative to the time to complete primary consolidation due 
to the stress change, is used to estimate the maximum field shear modulus. 
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2.4.1.2  Penetration Test 
Kaniraj et al. (1991) reported on the strength gain of freshly-densified sand 
deposits dredged from the Beaufort Sea floor for the construction of artificial islands.  
The deposits consisted of 95% sand with the remainder as silt and clay.  Penetration 
probe tests were performed using fresh sand fill and varying environmental conditions.  
For sand/distilled water, the 1-day to 3-month penetration load increased about 54%; for 
dry sand, the 1- day to 3-month penetration load increased about 15%; and for 
sand/seawater, the 1-day to 3-month penetration load increased about 53%. 
In an extension of the previous work, Joshi et al. (1995) performed additional 
tests at aging periods up to two years using the Beaufort Sea sand fill (primarily quartz 
with some albite) and river sand (quartz, calcite, and norsethite).  The results indicated 
that aging increases the penetration resistance as sands submerged in distilled and sea 
waters eventually exceed the penetration resistance of dry sand; the penetration resistance 
in dry sand is due to grain rearrangement and grain interlock with a dependence on grain 
surface roughness; the penetration resistance of sand in distilled water is due to grain 
rearrangement, dissolution and precipitation of salts and impurities in the sand, and 
possibly silica precipitation at grain contacts and interstices and sea water may contribute 
its mineral content to the precipitates; aging can be described in exponential form and is 
strongly influenced by the consolidation stress.  There was no change in mineralogy 
during the aging period; however, amorphous products may have formed except for the 
dry sand condition. 
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2.4.2 Field Tests 
Lewis et al. (1999) discussed and evaluated the conservative design aspects in 
neglecting the positive contribution of aging to the liquefaction resistance of sands.  SPT 
blow count data, solely from the Charleston, SC area, was used to re-analyze the peak 
ground acceleration and the cyclic stress ratio within the sands as related to geologic age.  
The results illustrated that aging of the SCCP sands significantly increases the cyclic 
stress ratio (CSR) as compared to the empirical curve developed by Seed et al. (1984) for 
clean sands.  In a similar work, Lewis et al. (2004) assessed liquefaction potential at the 
Savannah River Site (SRS) in west-central South Carolina.  Soils at the SRS are 
Pleistocene age and older and consist primarily of clayey sand deposits.  The cyclic 
resistance ratio (CRR) was determined from laboratory testing and the results indicated 
the liquefaction resistance of the SRS soils was about two to three times greater than 
empirical methods that were based on the properties of Holocene sands.  The test data 
smoothly extended the Seed (1979) age range by approximately 100 Ma (Figure 2.1).  A 
similar discussion on aging effects, which included the laboratory testing of non-liquefied 
sand in the vicinity of the Northridge earthquake, is given in Arango et al. (2000).  A 
review and update of sand liquefaction resistance in addition to greater detail of testing 
aged sand in the general area (Tapo Canyon) of the Northridge earthquake is given in 
Kramer and Arango (1998). 
Leon et al. (2006) evaluated the aging effect in liquefiable sands of the South 
Carolina Coastal Plain (SCCP) and developed a method for determining the liquefaction 
resistance of older sands that are 200 to 450 ka in age.  The empirical curves for 
Holocene-age (< 10,000 yrs) sands are modified to include the liquefaction resistance of 
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older sand deposits, which reduces the conservatism of coastal plain liquefaction 
analysis.  The modifications were based on in situ testing at four paleo-liquefaction sites 
that were studied by Hu (2002).  The relationships were developed between the corrected 
blow count, the corrected shear wave velocity, and the stress-corrected cone penetration 
resistance with the cyclic resistance ratio for SCCP soils of varying ages as shown in 
Figure 2.2.  The minimum peak ground acceleration to cause liquefaction is about 1.6 
times higher for aged sands relative to the Holocene sands. 
Additionally, Andrus et al. (2005, 2006) have estimated the shear wave velocity 
and seismic response of near-surface soils in the vicinity of Charleston, SC.  Shear wave 
velocity was shown to be an indicator of soil age, except at the Ten Mile Hill location, 
where it is thought that ground shaking was sufficiently intense to have destroyed the 
existing soil state and subsequently restarted the soil aging process.  Andrus et al. (2003) 
developed age scaling factors for Coastal Plain soils as shown in Table 2.1. 
Research performed by Mitchell and Solymar (1984) and subsequent discussion 
by Mitchell (1986) concern the aging of clean sands and the associated sensitivity and the 
time-dependent strength increase after initial deposition or disturbance of the sands at the 
Jebba Dam site.  Blast densification and vibro-compaction were used to modify the 
alluvial sand for the dam foundation and hydraulic sand fill was placed to construct a pad.  
The alluvial soil consists of medium to coarse, sub-rounded to rounded, silica grains.  In 
some cases, the sands showed an initial strength reduction relative to the original 
condition.  This was followed by an increase in strength, as measured by the CPT, of two 
to three times the original strength after eleven weeks. 
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Figure 2.1.  Relationship Between Cyclic Resistance Ratio and Cone 
Penetration Resistance for SCCP Soils of Varying Age (after Leon, et al. 
2006). 
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Figure 2.2. Strength Gain with Time for Soil Deposits (Arango et al., 2000). 
 
The hydraulic fill consisted of a dredged sand, which showed a two-fold strength 
increase at 50 to 80 days after placement relative to the sand at four to ten days after 
placement.  It was surmised the most plausible mechanism for the time-dependent 
strength increase is based on the formation of silica acid gel films on grain surfaces and 
the precipitation of silica or other minerals that act as cementation agents at grain 
contacts.  However, this was not determined as the true mechanism responsible for the 
strength gain.  Conclusions determined from this study are as follows: 1. reconstituted 
specimens may give lower strength and modulus values than undisturbed sand, 2. in-situ 
densification of sand may yield an initially lower penetration resistance relative to the 
original resistance of the sand, 3. significant time-dependent increases in penetration 
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resistance occur for hydraulic fills and in-situ densified sands, 4. the densification process 
must compensate for the loss of strength due to the breakdown of the original soil 
structure. 
 
Table 2.1.  Geologic Age of South Carolina Coastal Plain Soils and Age Scaling 
Factors (after Andrus et al., 2003). 
 Soil Type Index 
Fines Content 
(%) 
Age Scaling 
Factor 
Geologic Age CPT SPT CPT SPT 
Holocene 
(< 10 ka) 
all values < 40 1.00 1.00 
< 2.05 < 10 1.00 1.00 
> 2.60 10 to 35 1.00 1.00 
Pleistocene 
(10 ka to 1.8 Ma) 
all values < 40 1.23 1.23 
< 2.05 < 10 1.34 1.28 
> 2.60 10 to 35 1.16 1.08 
Tertiary - Ashley Fm. 
(1.8 to 65 Ma) 
all values 
< 40 2.29 1.82 
10 to 35  1.71 
Tertiary - Tobacco Road Fm. 
(1.8 to 65 Ma) 
all values — 1.65 — 
> 2.60 — 1.42 — 
Tertiary - Dry Branch Fm. 
(1.8 to 65 Ma) 
all values < 40 1.38 1.59 
< 2.05 10 to 35 1.33 1.48 
 
Mesri et al. (1990) studied the penetration resistance of clean sands after blast 
densification and developed conclusions based on a review and analysis of a limited data 
pool.  The conclusions are as follows: 1. freshly placed, consolidated, or densified clean 
sands show a significant increase in modulus and penetration resistance over time, 2. the 
increases in small-strain shear modulus, liquefaction resistance, and penetration 
resistance over time is due to interparticle cementation, although it is suggested a more 
reasonable explanation lies in the development of frictional resistance and effective 
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horizontal stress; 3. during drained secondary compression, the reorientation and 
interlocking of sand grains cause an increase in stiffness and effective horizontal stress, 
and 4. the aging effect is most noticeable in cases of clean sands undergoing rapid 
densification.  The development of a tentative aging relationship with cone penetration 
resistance includes the secondary compression (C) and compression (Cc) indices and the 
CD parameter. 
Kulhawy and Mayne (1990) developed an age-dependent coefficient that shows 
the strength gain curve in Figure 2.2.  Over the range of time shown (108 years), the 
strength gain is about 1.5.  The relationship is based primarily on normally-consolidated, 
unaged fine to coarse sands tested in the laboratory, normally-consolidated fine to 
medium sands at field sites, and fine to medium sands belonging to geologic periods 
dating to the Jurassic.  
Al-Sanad and Ismael (1996) studied the time-dependent strength increase in 
freshly deposited, self-consolidating calcareous quartz sand in Kuwait City.  The sand is 
a fine to medium, calcareous silty sand with a quartz content of 84.5% and a calcium 
carbonate content of 6.1%.  The results of field tests in freshly-deposited fill showed a 
125% increase in average CPT resistance over one year.   
Sitar et al. (1980) evaluated the field characteristics of weakly cemented sand 
slopes for static and seismic conditions.  Of particular note is the ability of sand to 
maintain a high slope angle with a small amount of cementation, whereas the sand is 
crushable with hand pressure.  Cementation may exist within the soil at the time of 
deposition, precipitate from groundwater, or develop from the weathering of minerals 
within the soil.  The degree of cementation depends on the amount of the cementing 
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agent, moisture content, groundwater movement, and weathering.  Silica cement is the 
strongest cement and most resistant to weathering and erosion.  The mechanical 
interlocking of grains and capillary tension may produce cementation-like behavior.  The 
structure of cemented sand is described as void bound, which has the voids filled with 
smaller grains and cementitious material, or contact bound, which has open voids and the 
grains are cemented at the points of contact.  The void bound structure is more stable than 
a contact bound structure. 
Troncoso and Garcés (2000) performed in situ shear wave velocity tests and 
evaluated the data for aging effects by determining the shear modulus in tailings dams 
consisting of sandy silts at four sites that had been abandoned from two to 28 years prior 
to the study.  The ages of the soils, however, ranged from eight to 41 years, which is 
more meaningful when considering engineering time versus geologic time.  The oldest 
tailings showed an average increase in normalized shear modulus of about 300%. 
 
2.5 Liquefaction and Fines Content 
Although there have been many studies of the effect of total plastic and non-
plastic fines on liquefaction potential (Wang, 1979; Prakash and Sandoval, 1992; Erten 
and Mayer, 1995; Zhou et al., 1995; Xenaki and Athanasopoulos, 2003; Nabeshima and 
Matsui, 2003; Ueng et al., 2004; El-Mamlouk et al., 2006; Sitharam and Dash, 2008; 
Lade et al., 2009; etc.), more recent research has focused on soils that were thought to 
have too much fine soil (< #200 sieve, 0.075 μm) to liquefy.  The mineralogy of the fines 
and the cohesive (plastic) or non-cohesive (non-plastic) properties of the fines can have a 
significant effect on the liquefaction potential of the soil. 
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Guo and Prakash (1999) and Prakash and Puri (2003) have summarized a 
considerable amount of the literature prior to 1999 concerning the liquefaction of silt and 
silt-clay soils.  The general conclusions support those of more recent studies showing the 
liquefaction susceptibility of soils containing a portion of fines and the plasticity of the 
fines.  Some of the more recent studies can be summarized as follows: 
1. Andrews and Martin (2000) – soils are susceptible to liquefaction when fines (< 2 
μm) are < 10% with the LL < 32, soils that are not susceptible to liquefaction 
have a fines content > 10% with the LL > 32.  Note that LL is indicative of the 
plastic, cohesive proportion of the fines; soils that require additional study include 
those consisting of fines < 10% with LL ≥ 32 and those consisting of fines ≥ 10% 
with LL < 32. 
2. Based on liquefaction of fine-grained soils in Adapazari, Turkey, Bray et al. 
(2004) developed another liquefaction susceptibility criteria for fine-grained soils 
such that liquefaction could occur as indicated by a plasticity index less than or 
equal to 12 and a water content greater than 0.85 times the liquid limit.  Soils that 
are less susceptible, but still capable of cyclic mobility, have a plasticity index 
that occurs between 12 and 20 and a water content greater than 0.8 times the 
liquid limit. 
3. Criteria developed by Seed et al. (2003) are similar to those by Bray et al. (2004) 
and are bounded and defined in three zones on the plasticity chart.  Potentially 
susceptible in a manner of cyclically-induced liquefaction for a PI ≤ 12, LL ≤ 37, 
and water content greater than 0.8 of LL. 
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Seed et al. (2003) states that soil liquefaction occurs not only in sandy soils, but in 
silty soils of very low plasticity.  As noted, the amount of clay has less of an effect on 
liquefaction potential than the overall fines content.  The recommendations for assessing 
liquefiable soil types are defined using a liquid limit chart for cases when the FC ≥ 20% 
and the PI > 12%, and the FC ≥ 35% and the PI < 12%.  Soil liquefaction most likely will 
occur in soils with fines that are non-plastic, of low plasticity, and silty clays residing in 
the lower range of the plasticity index – liquid limit chart. 
Boulanger and Idriss (2004) and Idriss and Boulanger (2008) have described 
qualitatively the process that occurs with a soil that is fine-grained and cohesionless (non-
plastic) and soil that is fine-grained and cohesive (plastic).  Based on the Atterberg limits, 
the cyclic strength can be categorized as having clay-like behavior, intermediate 
behavior, or sand-like behavior.  The approximate boundaries for these behavioral types 
are shown in Figure 2-3 (Idriss and Boulanger, 2008).  Seed et al. (2003) prepared a 
plasticity chart, as presented in Figure 2-4, showing the approximate boundaries of 
liquefaction potential and soil type as determined relative to the Atterberg limits.  
Liquefaction susceptibility criteria for silt and clay were developed by Boulanger and 
Idriss (2006).  This method was applied to the Cooper Marl (Cooper Group) in South 
Carolina and was evaluated using index properties-based criteria for the liquefaction of 
clayey soils (Li et al., 2007). 
One of the most notable locations where liquefaction of fine-grained soils has 
occurred is Adaparazi, Turkey.  Bray et al. (2004) characterized damaged sites after the 
Kocaeli earthquake in 1999.  Liquefaction had occurred at locations where layers of loose 
to medium dense, low-plasticity silt and sandy silt from about 1 to 2.5 m (average 1.3 m) 
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thick and about 1.5 to 4.5 m below the ground surface.  The liquefied soils had N values 
ranging from 2 to 11 bpf, moisture content near the liquid limit, a fines content ranging 
from 15 to 90%, and a clay fraction ranging from about 6 to 29%.  The cyclic stress ratio 
ranged from about 0.29 to 0.47. 
Cyclic triaxial testing of the Adapazari soil by Bray and Sancio (2006) and Sancio 
et al. (2003) studied the effects of soil plasticity, initial moisture content, and the cyclic 
resistance of silt, clayey silt, and silty clay liquefaction potential.  Based on the Adapazari 
test results, the criteria developed by Andrews and Martin (2000) were considered as less 
accurate predictors of liquefaction susceptibility.  The proposed criteria is such that 
liquefaction could occur in cases where the water content to liquid limit ratio is greater 
than 0.85 and the plasticity index is less than 12.  A moderate liquefaction potential is 
applied to soils that have a plasticity index from 12 to 18 and a water content to liquid 
limit ratio at greater than 0.8.  There are numerous considerations in addition to these 
criteria, such as soil mineralogy, void ratio, and age.  Although the Chinese criteria 
(Wang, 1979) depend on the liquid limit and liquidity index, soils that liquefied were in 
disagreement when considering clay-sized particles (Sancio et al., 2002). 
Silt content of sand was varied in a study by Monkul and Yamamuro (2011).  The 
silty sands were nonplastic and artificially graded using naturally occurring sand and two 
different naturally occurring silts.  The silt contents used were 0, 5, and 20%.  Soils were 
tested in monotonic, consolidated undrained triaxial compression to produce static 
liquefaction.  In terms of the mean grain diameter ratio for the sand and the silt (D50-
sand/D50-silt), a large ratio with an increasingly greater addition of silt indicated there is an 
initial decrease and then increase in the liquefaction potential of the silty sand.   
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Figure 2.3.  Liquefaction Potential of Soil Types Delineated using 
Atterberg Limits (Idriss and Boulanger, 2008). 
 
 
Figure 2.4.  Boundaries of Behavior Types Relative to Atterberg 
Limits (Seed et al, 2003). 
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The liquefaction resistance of the clean sand may be lower than the silty sand.  For a 
lower ratio, the addition of silt increases the liquefaction potential of the silty sand 
relative to clean sand.  It was concluded also that differences in the nature of the fines can 
have a significant effect on the liquefaction potential to the point of liquefaction 
occurring or not occurring for equal states of stress and that evaluating the liquefaction 
potential based on void ratio, intergranular void ratio, and relative density is not 
appropriate without consideration of the fines content. 
Belkhatir et al. (2011) obtained silty sand samples from a layer of soil known to 
have liquefied near an earthquake epicenter in Algeria.  The soil was segregated and the 
silt was mixed in proportions from 0 to 50% with the sand.  Cyclic isotropically 
consolidated triaxial tests were performed and the results correlated with the fines content 
of the soils.  The cyclic stress ratio (CSR) was found to vary linearly with D10 and D50.  
At a relative density of 53%, the CSR was found to be about two times greater for a fines 
content of 0% than a fines content of 40%. 
Studies have been performed using colloidal silica as a grout in liquefiable soils 
as a means to reduce the liquefaction potential.  Although these are not direct studies of 
naturally occurring colloids in liquefiable soils, they indicate the potential cyclic strength 
increases given the presence of colloids.  Tests by Gallagher and Mitchell (2002) showed 
the cyclic strength increase and the strain reduction in soil treated with colloidal silica.  
Loose Monterey sand with a relative density of 22% was used with colloidal silica 
concentrations ranging from 5 to 20% by weight.  The gel time and testing age varied 
from four to 28 hours and from 40 hours to 56 days, respectively.  At a 5% concentration 
of colloidal silica, strains during cyclic testing ranged from slightly greater than one to 
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almost 12% with CSR’s ranging from 0.15 to 0.29 at 100 cycles.  Higher concentrations 
of 15 to 20% reduced the strain to less than 1% with a CSR of 0.40 at 100 cycles.  Liao et 
al. (2003) used a colloidal silica grout for improving the liquefaction resistance of sand 
used in a hydraulic fill that had experienced previous liquefaction.  At Nl of 60 cycles, the 
cyclic strength ratio for the untreated sand at a relative density of about 50% was 0.13 
and the grout after 28 days of curing was about 0.7.  The strain at the point of liquefaction 
was about 1.6 times greater in the untreated sand relative to the colloid-treated sand. 
 
2.6 Ex situ Freezing of Soil in Piston Tube 
Freezing soil samples in the field after recovery has been described by Wride et 
al. (2000) and Plewes and Hofmann (1995), whereby a top-down, unidirectional freeze 
front was established in the sample with drainage at the bottom of the sample.  
Information regarding the effect of dry ice freezing on the sample quality is provided by 
Wride et al. (2000), which indicated that void ratios were approximately equal for frozen 
Shelby tube samples and samples obtained from in situ freezing.  
Previous work with the freezing of tube samples was carried out by Yoshimi et al. 
(1978).  Laboratory tests were performed to determine the effect of variations in 
surcharge (0.3 to 33.6 kPa), temperature (-20 to -70 °C), relative density (40 to 90%), and 
fines content (0 to 6%).  Freezing occurred from the bottom upwards using a dry ice and 
ethanol mixture.  The results were as follows: 1. greater expansion occurred with time, 2. 
less expansion occurred with greater surcharge, 3. expansion peaked at about 10 °C and 
was greatest at lower surcharge pressure, 4. greater expansion occurred with higher 
relative density, 5. expansion increased with an increase in fines content, 7. expansive 
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strain was found to be less than 0.1% at a surcharge pressure greater than 0.3 kPa, and 8. 
one freeze-thaw cycle had very little effect on the strength and deformation of the sand.  
To determine the amount of expansion during in situ freezing, Yoshimi et al. (1984) 
performed additional unidirectional tests that showed a surcharge of about 50 kPa was 
needed to prevent expansion during freezing. 
Freezing of Monterey #0 sand in the laboratory and its effect on cyclic behavior 
was studied by Singh et al. (1982).  After drainage of the sand, ethanol cooled by dry ice 
was used in unidirectional freezing within a triaxial cell.  The water volume that had 
flowed out of the sand during freezing and out of the sand during thawing was about the 
same.  The cell provided confinement during the freezing and thawing process.  Baseline 
cyclic strength tests were performed to compare with the frozen-then-thawed samples.  
Freezing and thawing of the sand did not have any significant effect on the sample 
quality and the original fabric had been preserved.  Thorough drainage was noted as 
being very important to avoid damage to the soil structure. 
Farouki (1982) reviewed the thermal properties of soils.  Of significance was the 
distinctly higher thermal conductivity of soils containing quartz grains, which decreases 
the amount of time for freezing to occur. 
Furthering the studies of the effect of surcharge on uni-directionally frozen 
samples, Goto (1993) determined that a minimum surcharge pressure of 20 kPa was 
sufficient to prevent disturbance during a freeze-thaw cycle of free-draining, clean sand.  
Volumetric expansion was greatest for sands containing fines or clay and the liquefaction 
resistance was greater for sands with lower fines content due to less expansion during 
freezing.  Using the unidirectional freezing method with sandy soils containing a varying 
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amount of fines, the effect of freezing has been investigated by Davila et al. (1992).  No 
frost heaving occurred in soils with non-plastic to low plasticity fines, the degree of 
heave was mixed for soils containing medium plastic fines, and heave occurred for soils 
containing highly plastic fines. 
Sample freezing using dry ice was carried out using Platte River sand (Walberg, 
1978).  Isotropically and anisotropically consolidated cyclic triaxial tests were performed 
on undisturbed Platte River sand and on reconstituted Monterey #0 sand.  The results 
indicated there was no significant difference in the cyclic strength due to freezing.  
Caution was stated that freezing should only be performed with free-draining soils and 
should be unidirectional to allow the freezing front to move water downward towards the 
perforated packer. 
Movement within sand during freeze-thaw cycles was studied using lead shot 
mixed with sand under a confining stress of 100 kPa (Da Roit et al., 1981).  Radiographs 
were taken before and after freezing.  Liquid nitrogen was circulated through a tube that 
was placed through the center of the sample, which produced radial freezing.  About 7% 
by volume of the total water content within the sample was liberated during the process.  
Displacement of the lead shot during freezing showed a volumetric strain dilation of 
about 0.5%.  Almost all of the strain was recovered during thawing. 
 
2.7 Geology of the Outer Coastal Plain and Coastal Zone 
The South Carolina Coastal Plain (SCCP) is divided into three geographic 
provinces as shown in Figure 2.5 – the Inner and Outer Coastal Plains and the Coastal 
Zone (South Carolina Geographic Alliance, 2010).  Each province has distinctly different 
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characteristics that have been affected by age and depositional, diagenetic, and 
authigenetic processes and include different sediment types. 
The geology of the SCCP consists of Quaternary (Holocene and Pleistocene 
series), unconsolidated, sedimentary deposits emplaced primarily by marine coastal and 
fluvial processes.  The geomorphologic terrain is characterized by eight terraces – 
Wicomico, Penholoway, Cordesville, Talbot, Pamlico, Princess Anne, Silver Bluff, and 
Holocene (proposed by Willoughby and Doar, 2006) and seven scarps – Surry, 
Dorchester and Summerville, Macbeth, Bethera, Suffolk, Awendaw, and Mt. Pleasant 
(proposed by Doar and Willoughby, 2006) as illustrated in Figure 2.6 – formed by the 
transgression and regression of the sea during the Pleistocene epoch, which began about 
1.6 Ma before present. The coastal features are distinct and consist of river, swamp, shelf, 
beach, and backbarrier deposits.  Sand blows formed by pressurized, saturated sand due 
to earthquakes are formed in the coastal deposits as show in Figure 2.7 (Obermeier, et al., 
1987). 
The Quaternary geology of the South Carolina Coastal Plain has been 
comprehensively described and mapped by McCartan et al. (1984) (Figure 2.8) with 
updates by Weems and Lemon (1984, 1988, 1989, 1993) and Weems et al. (1986, 1997) 
and that proposed by Doar and Willoughby (2006).  These updates include re-
interpretations of age, redefinition of terraces and scarps, designation of formations, and 
formation assignments. 
The South Carolina Outer Coastal Plain depositional environment was that of 
numerous transgressive and regressive cycles of the falling and rising of sea levels. 
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A falling sea level produced a sequence of younger sediments near the present coastline 
at lower elevation than older sediments.  A rising sea level caused the deposition of 
sediments over the transgressive zone and, at the maximum extent, caused wave-cut 
scarps.  The formation of scarps has also occurred during the periods of constant sea level 
of a regressive cycle.  During sea regression, barrier, back barrier, and fluvial deposits 
were laid over the sediments of the transgressive period  (Soller and Mills, 1991). 
Zayac et al. (2001) performed work at a sandpit in the coastal plain of 
southeastern Georgia and found that the area has experienced alternating periods of dry 
and wet climates during the past 25,000 years up until about 4,000 years ago. 
 
 
Figure 2.5.  Landform Regions of South Carolina (South Carolina 
Geographic Alliance, 2010). 
  
4
8
 
 
 
 
 
 
 
 
 
Figure 2.7.  General Sand Blow Locations within a Pleistocene Barrier Dune (Obermeier  et al., 1987). 
Figure 2.6.  Coastal Scarps and Terraces (Doar and Willoughby, 2006). 
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During the warm, dry periods of the late Pleistocene through middle Holocene, 
conditions were conducive to dune formation, including the inland dunes of the coastal 
plains of Georgia, North Carolina, and South Carolina (Markewich and Markewich, 
1994). 
Within the South Carolina Coastal Plain, the Holocene dunes were formed 
primarily by aeolian deposition.  Currents along the South Carolina coast deposit 
sediment, which form the Holocene beach and dune deposits.  Their source sand is 
different than older dune and beach sediments of the Pleistocene age, which have been 
eroded and deposited by way of regressive and transgressive marine events that have 
redistributed portions of the earlier deposits.  The deposits were originally supplied by the 
eroded Piedmont rocks that were transported by rivers and streams to the Coastal Plain 
and eventually incorporated into dune and beach deposits at lower elevations. 
The middle to late Quaternary climate of the coastal plain was studied by Cronin 
et al. (1981), who performed the age-dating of corals and examined the fossil record and 
oxygen isotope data.  The study indicated that at least five warm intervals had occurred 
during the previous 500,000 years.  Sea level elevation estimates occurring during the 
warm periods, relative to the present mean sea level elevation, are given in Table 2.2.  
These fluctuations represent the occurrences of the transgressive and regressive phases.   
These estimates do not include numerous geologic factors that may be relevant to the sea 
level elevation. 
Colquhoun et al. (1995) has investigated sea level changes that have occurred 
during the Pleistocene and Holocene ages. 
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Of particular note is the change from glacial to interglacial conditions during the late 
Pleistocene and its effect on the southeastern coastal plain.  Sea level began to rise 
quickly during the late Pleistocene (about 17 ka bp) through the mid-Holocene (about 5 
ka bp), which reduced river gradients and the ability to transport detrital material for long 
distances. 
Slower sea level rise occurred from the mid-Holocene to the present.  Wright et 
al. (2004) notes the rapid and sometimes large changes in sea level during the last 2.5 Ma 
due to the changing climate and the ablation and melting of the glaciers.  The majority of 
glacial melting was finished about the beginning of the Holocene age. 
 
Figure 2.8.  Geologic Map of the South Carolina Coastal Plain (McCartan et al., 1984). 
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Table 2.2.  Sea Level Elevation Fluctuations During 
the Pleistocene Age. 
Years Before Present Relative MSL (m) 
440,000 + 10 to 25 
220,000 -  32 
200,000 - 12 
188,000 + 7 ± 5 
180,000 - 22 
125,000 + 6 ± 2 
120,000 + 6 to 9 m (7.5 ± 1.5) 
105,000 - 13 
94,000 + 3 to 10 m (6.5 ± 3.5) 
82,000 - 15 
72,000 + 4 to 10 m (7 ± 3 m) 
 
Sands closer to the Piedmont (further from the coastal plain) have accumulated 
more detrital minerals from erosion of the piedmont rocks and have had more time to 
undergo diagenesis, whereas sands that are closer to the coastline have less weathering 
products.  The weathering of feldspar, particularly sodium and potassium plagioclase 
(albite and anorthite, respectively), as part of the diagenetic process forms the clay specie 
kaolinite [Al2Si2O5(OH)4], which is the low temperature form of kaolin. 
Mineral analysis by Zayac et al. (2001) showed the presence of heavy minerals 
and light minerals that include quartz, muscovite, orthoclase, and plagioclase.  The light 
minerals have experienced varying degrees of weathering.  Kaolin clasts occur and are a 
weathering product of feldspar.  The lower sand layer at this site is characterized by 
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siliciclastic soils with grains that are coarse and angular.  The upper sand layer was the 
result of dune formation, which occurred about 2,000 to 3,000 years ago. 
Hinckley (1965) performed a study of the mineralogical and chemical variations 
in the kaolin deposits within the coastal plain of South Carolina and Georgia along the 
Fall Line.  The deposits, at the time noted as Upper Cretaceous, have no preferred 
stratigraphic position, are lenticular, may be up to 50 ft thick, and may be laterally 
continuous for up to one mile. 
The sources of Holocene and Late Pleistocene sediments of the continental shelf 
off Brunswick, Georgia were studied by Carver (1971).  The study is based on the 
presence, location, and quantity of heavy minerals from the coast to three miles seaward.  
In addition to the heavy minerals, the light minerals included quartz (93%), potassium 
feldspars (4.5%), plagioclase (2.5%), and muscovite (< 0.1%).  Hornblende and feldspar 
are found in greater concentrations near the coastline.  Mica in the near-shore area 
indicates active deposition and in areas where it is not present indicates re-transport and 
the removal of fines.  The amount of hornblende correlates with the age of the sediment.  
Greater amounts of hornblende, feldspar, and muscovite are localized with mica most 
predominant near shore and hornblende and feldspar most predominant from near-shore 
to the edge of the continental shelf.  Hornblende is found to exist parallel and subparallel 
to the coastline and its degree of chemical weathering is a significant factor in 
determining its mode of transport.  The source of heavily-weathered hornblende sand was 
the Silver Bluff terrace.  Subsequently, one source of the hornblende-containing sands is 
the Piedmont province and the coastal plain and the other source was derived from the 
source of the beach-dune sediments involving two possible modes of transport.  This 
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study shows the significance of grain size distribution and the characteristics of the grains 
relative to the source of the sand. 
In a similar study of heavy mineral distribution and grain size analysis in the 
Holocene and Pleistocene sands of the lower coastal plain of Georgia, Neiheisel (1962) 
obtained samples of beach, river, coastal island, and terrace (Pamlico and Silver Bluff) 
sediments.  As with previous studies, the heavy minerals were found to have been derived 
from metamorphic rocks of the Piedmont province.  Using heavy minerals, particularly 
hornblende, as an indicator of light mineral distribution, they are considered an indicator 
of age based on the distribution, morphology, and grain characteristics of the deposits.  
Hornblende distribution along the beach is interpreted as a result of selective wave-
sorting.  The lighter minerals – quartz, feldspar, and mica - moved further southward by 
the action of littoral currents and deposit a gradually decreasing amount of heavy 
minerals.  The foredune area tends to have a high concentration of heavy minerals due to 
water separation.  The nearby dunes also contain a higher concentration of heavy 
minerals as compared to other dunes.  The outer shores of coastal islands contain a higher 
concentration than inner marsh and lagoonal shores.  Pleistocene terrace deposits of the 
lower Georgia coastal plain are characterized by a lower heavy mineral content, greater 
weathering of feldspar and lower feldspar content.  The greatest degree of feldspar 
weathering occurs in the Pleistocene terraces, which is followed by coastal island, beach, 
and river deposits.  The quantity of feldspar is greatest in the river sediments, which is 
followed by the beach, island, and terrace deposits. 
Smith et al. (1985) studied the changes in quartz provenance for two barrier 
islands (Pawleys and Kiawah) of South Carolina.  Quartz grains were characterized for 
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each island and found to be distinctly different for Holocene and Pleistocene deposits.  
Changes in grain characteristic were not limited to location, but also occurred with 
changes in depth.  The Kiawah Island sands are smooth and have no irregular sand grains 
and may be from a purer source of sand.  The grains showed no abrasion, are coated with 
silica, and were not subjected to abrasion at the location of deposition.  This indicates the 
sand originated from a source of mature sediments, which could be the Pleistocene dune 
ridges or coastal plain.  A similar approach was used by Mazzullo and Withers (1984) to 
study the provenance of Holocene and Pleistocene sands of the south Texas continental 
shelf, which indicated three separate sources of sand. 
The origin and classification of coastal plain kaolin within the southeastern U.S. is 
presented by Hurst and Pickering (1997) in a very informative paper.  Kaolin was found 
to be a result of post-depositional weathering rather than sedimentation.  The erosion of 
igneous and metamorphic rock from the Piedmont occurred during the Upper Cretaceous-
Eocene period and was a rich source of feldspar, quartz, and mica.  The detrital rock from 
the Piedmont was fluvially transported towards the coast and became the source material 
for the formation of kaolin.  The kaolinization process was not completed during that 
interval and continues to weather by way of numerous complex chemical processes in a 
humid, high-temperature, subtropical environment.  The original sediments  which were 
deposited prior to the formation of kaolin, included muds deposited in shallow water 
during sea transgression, coarse micaceous and feldspar sands, kaolinitic fine sand and 
clay, smectite clay, marls, and carbonates.  The distribution of kaolin as mapped by Hurst 
and Pickering (1997) is shown in Figure 2.9.  The greatest amount of kaolin occurs in the 
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Inner Coastal Plain and gradually decreases towards the Outer Coastal Plain and Coastal 
Zone.  
 
 
 
 
2.8 Summary 
The causes of soil aging were examined and included numerous types of chemical 
cementation, including carbonate, silica, clay, and biological; and mechanical, including 
fabric modification such as grain locking, grain friction, and consolidation.  The aging 
effects on strength have been reviewed and included studies that involve in situ tests and 
laboratory cyclic triaxial tests that indicated an increased resistance to liquefaction given 
the aging of soils in nature and when artificially induced in the laboratory. 
Figure 2.9.  Distribution of Kaolin in the Coastal Plains of the Southeastern U.S. (Hurst 
and Pickering, 1997). 
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The liquefaction of soils with varying quantities of non-plastic and plastic fines 
has been studied.  The studies show that the presence and/or increase in fines content 
increased the liquefaction resistance of the soil and the presence and/or increase in plastic 
fines increased the liquefaction resistance.  However, the inclusion of plastic fines 
increased liquefaction resistance more than non-plastic fines. 
Ex situ soil freezing of granular soils that readily drain was reviewed to establish a 
basis for employing a method to perform ex situ freezing of project sandy soils.  In 
general, laboratory and field studies showed that ex situ freezing generated none to very 
little disturbance, particularly when a surcharge pressure was applied and/or when uni-
directional, top-down freezing was applied.   
The geology of the South Carolina Coastal Plain was described.  Sediments that 
were deposited in the plain were derived from eroded and transported rock from the 
Piedmont Province.  Detrital rock that was deposited underwent in situ weathering 
whereby quartz, feldspar, mica, kaolin, and heavy minerals were produced, disseminated, 
and reworked by the transgressive and regressive cycles of the ocean.  Kaolin 
concentrations were found to be higher closer to the Piedmont and lower towards the 
Coastal Zone. 
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3.  
Chapter 3 
Methods for Site Exploration, Field Tests, and Laboratory Tests 
 
3.1  Introduction 
The field and laboratory test methods for characterizing the soils at five sites 
within the South Carolina Outer Coastal plain are described in this chapter.  The field 
tests included cone penetration tests with and without seismic velocity tests, standard 
penetration tests with energy measurements, flat plate dilatometer tests, cross-hole 
seismic velocity tests, boreholes for fixed piston tube soil sample retrieval, and 
piezometer installations.  The laboratory tests included standardized index tests: visual-
manual soil classification, Atterberg limits, moisture content, unit weight, specific 
gravity, and grain size distribution using a sieve and hydrometer.  Cyclic triaxial testing 
was performed on soils retrieved from the sites and concurrent data was obtained about 
the hydraulic conductivity and the shear wave and compressive wave velocities.  The 
mineralogy, grain morphology, and fabric of the soils were examined using scanning 
electron microscopy, electron microprobe microscopy, and optical petrographic 
microscopy. 
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3.2  Field Test Methods and Procedures 
Field testing and subsurface exploration were performed at the research sites 
within the SCCP.  The research sites are Four Hole Swamp (FHS), Hollywood (HWD, 
previously reported as HOL by Talwani and Schaeffer, 2001), Sampit (SAM), Gapway 
(GAP), and Fort Dorchester (FD).  Field tests were previously performed at two 
additional sites:  Ten Mile Hill sites A and B (TMHA and TMHB, as reported by Hu et 
al., 2002a).  Index tests were performed on these soils as part of this study and are 
presented herein.  The locations of the sites are shown in Figure 3.1 with the geology of 
the SCCP as mapped by McCartan et al. (1984).  Based on this map, the soil ages of the 
liquefiable source sands at the research sites are found to range from 100 kiloanne (1,000 
years denoted as ka) to greater than 1,000 ka.  More detailed mapping by Weems and 
Lemon (1984, 1988) and Weems et al. (1997) indicates the ages of the source sands 
ranging from 200 ka to 1,600 ka.  The geologic formations and ages are summarized in 
Table 3.1. 
 
3.2.1 Cone Penetration Testing 
The Cone Penetration Test (CPT) was performed by S&ME, Inc. of Mount 
Pleasant, South Carolina per ASTM D 5778 with seismic measurements (SCPT) as 
described by Lunne et al. (1997).  The CPT and SCPT equipment was manufactured by 
Vertek in Randolph, Vermont and was operated from a 24-ton (22-metric tonne) truck-
based platform (Figure 3.2) at FD and HWD.  A 9-ton (8-metric tonne) track-based 
platform (Gyro-trac) was used at FHS, GAP, and SAM. 
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Figure 3.1.  Geologic Map of the South Carolina Coastal Plain Deposits and Research Site Locations 
(after McCartan et al., 1984). 
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Table 3.1.  Geologic Information and Ages of Pleistocene Soils at Research Sites. 
 
Research Site Soil Description
Depositional 
Environment
Map 
Designation
Formation
Geologic Age 
(ka)
Reference
muddy Sand Backbarrier Q2l - 100 McCartan et al. (1984)
clean Sand Fluvial, estuarine Qtc Ten Mile Hill beds 200 Weems and Lemon (1984)
Beach Q6b - > 1,000 McCartan et al. (1984)
Barrier island Qwws Waccamaw (?) 1,400 to 1,600 Weems et al. (1997)
Gapway clean Sand Beach Q4b - 450 McCartan et al. (1984)
Hollywood clean to silty Sand Shelf Q3o - 200-240 McCartan et al. (1984)
Sampit clean Sand Beach Q4b - 450 McCartan et al. (1984)
Beach Q3b - 200-240 McCartan et al. (1984)
Barrier island Qts Ten Mile Hill beds 200 Weems and Lemon (1988)
Fort Dorchester
Ten Mile Hill A/B
Four Hole Swamp clean Sand
clean Sand
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Figure 3.2.  Cone Penetration Testing at Fort Dorchester. 
 
The instrumented cone had a diameter of 35.7 mm (1.4 in.) and a 60° apex at the 
tip, (yielding a projected area of 10 cm2 (1.55 in2)) that was pushed downward into the 
soil with a hydraulically-actuated vice and frame at a rate of 2 cm/sec (0.39 in/sec).  
Quantities that were measured through the instruments in the cone were the total force on 
the cone developed by soil resistance (Qc), the frictional force of the soil along the sleeve 
(Fs) behind the cone, pore pressure (u2) measured at the shoulder of the cone, and the in 
situ shear wave velocity (Vs) when outfitted with a seismic module (seismic cone 
penetration test, SCPT).  Basic data that was processed from the tests were depth, cone 
 62 
tip stress (qc), corrected cone tip stress (qt), friction ratio (Rf), pore pressure (u2), sleeve 
stress (fs), and inclinations in the x and y lateral directions.   
The normalized cone resistance was calculated using the uncorrected cone tip 
stress and a normalization function (Liao and Whitman, 1986) as such: 
cqc1 qCq        (3-1) 
where:  7.1
σ
p
C
5.0
v
a
q 






      (3-2) 
   pa = reference pressure (1 atm, 101.3 kPa, 2116 psf) 
σ′v = effective vertical overburden pressure (atm, kPa, psf) 
and the upper limit of 1.7 as suggested by Idriss and Boulanger (2008). 
  
3.2.1.1  Interpretation of CPT Data 
 When using CPT data to identify soil stratigraphy, high values of qt and low 
values of fs are characteristic of sand, whereas clays exhibit low qt and high fs.  The pore 
pressure (u2) that develops during penetration is an indicator of soil type as well.  Very 
high u2 is indicative of soft to medium stiff clay, very low or negative u2 indicates very 
stiff overconsolidated clay or very dense fine or silty sand, and contractive silt generates 
high u2 while dilative silt generates low or negative u2 (Lunne et al., 1997).  Harder and 
von Bloh (1988) used the cumulative friction ratio to define the upper and lower bounds 
of a soil layer based on slope breaks in the cumulative curve.  Permeable sand (readily 
drained) shows zero pore pressure (u2) generation during the CPT push. 
The soil was classified using the Soil Behavior Type (SBT) charts that were 
developed by Robertson et al. (1986) and Robertson (2010),  The normalized SBT chart 
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(SBTN) (Figure 3.3) was more appropriate than the non-normalized chart for soils at 
shallow depth, as is the case at the research sites (Robertson and Cabal, 2010). 
 
 
 
The charts are premised on the normalized tip stress, Qt, and the normalized 
friction ratio, Fr, as: 
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       (3-3) 
and  100%
σq
f
F
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s
r 

      (3-4) 
Figure 3.3.  Normalized Soil Behavior Type Chart (Robertson, 1990; 
Robertson, 2010). 
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where:  qt = tip stress 
fs = sleeve stress 
σvo = vertical total stress 
σʹvo = vertical effective stress 
 
 The Qt and Fr values are used also to determine the Soil Behavior Type Index (Ic), 
which was used to identify soil types and is defined as follows: 
       0.52r2tc 1.22)F logQ log3.47I     (3-5) 
The Ic values that correspond to the soil type zones are given in Table 3.2. 
 Ic is used to determine the Kc value used in liquefaction analyses indicated as 
follows: 
for 𝐼𝑐 ≤ 1.64, 𝐾𝑐 = 1.0       (3-6)  
 for 𝐼𝑐 > 1.64, 𝐾𝑐 = −0.403 ∙ 𝐼𝑐
4 + 5.581 ∙ 𝐼𝑐
3 − 21.63 ∙ 𝐼𝑐
2 + 33.75𝐼𝑐 − 17.88 
           (3-7) 
which is then utilized in the equation: 
(𝑞𝑐1𝑁)𝑐𝑠 = 𝐾𝑐 ∙ 𝑞𝑐1𝑁     (3-8) 
The cyclic resistance ratio for the soil is then determined as: 
for (𝑞𝑐1𝑁)𝑐𝑠 < 50 
𝐶𝑅𝑅7.5 = 0.833 ∙ [
(𝑞𝑐1𝑁)𝑐𝑠
1000
] + 0.05   (3-9) 
 for 50 ≤ (𝑞𝑐1𝑁)𝑐𝑠 < 160 
𝐶𝑅𝑅7.5 = 93 ∙ [
(𝑞𝑐1𝑁)𝑐𝑠
1000
]
3
+ 0.08    (3-10) 
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Data from HWD-CPT-4 is used to illustrate how this method was used for all sites 
to determine Qt and Fr and the Ic to classify the soils as defined in Table 3.2.  The 
stratigraphy was defined based on the magnitudes of the qt, fs, and u2 values.  The CPT 
data is plotted in Figure 3.4 with the soil types and stratigraphy.  Robertson and Cabal 
(2010) noted that some overlap between zones may occur. 
The watertable elevation at the time of the CPTs was determined from the 
hydrostatic pressure (uo) line that extends as a lower bound of the pore pressure (u2) line 
through permeable, sandy soils to the point at which it intersects zero pore pressure.  The 
watertable elevation was verified by direct measurement in the piezometer.  At HWD, it 
was also estimated from the water level in the nearby flood control channel. 
One other method is available for determining the cyclic resistance ratio of 
liquefaction-susceptible soils – the Idriss and Boulanger method.  The normalization 
coefficient is iterative in function and is determined as follows: 
𝐶𝑁 = (
𝑃𝑎
𝜎𝑣𝑐
′ )
1.338−0.249∙(𝑞𝐶1𝑁)
0.264
≤ 1.7   (3-11) 
  
𝐶𝑅𝑅𝑀=7.5,𝜎𝑣𝑐′ =1 = 𝑒𝑥𝑝 (
𝑞𝑐1𝑁𝑐𝑠
540
+ (
𝑞𝑐1𝑁𝑐𝑠
67
)
2
− (
𝑞𝑐1𝑁𝑐𝑠
80
)
3
+ (
𝑞𝑐1𝑁𝑐𝑠
114
)
4
− 3) 
           (3-12) 
𝑞𝑐1𝑁𝑐𝑠 = 𝑞𝑐1𝑁 + ∆𝑞𝑐1𝑁     (3-13) 
∆𝑞𝑐1𝑁 = (5.4 +
𝑞𝑐1𝑁
16
) ∙ 𝑒𝑥𝑝 (1.63 +
9.7
𝐹𝐶+0.01
− (
15.7
𝐹𝐶+0.01
)
2
)  (3-14) 
𝑀𝑆𝐹 = 6.9 ∙ 𝑒𝑥𝑝 (
−𝑀
4
) − 0.058 ≤ 1.8   (3-15) 
𝐾𝜎 = 1 − 𝐶𝜎 ∙ 𝑙𝑛 (
𝜎𝑣𝑐
′
𝑃𝑎
) ≤ 1.1    (3-16) 
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𝐶𝜎 =
1
37.3−8.27∙(𝑞𝑐1𝑁)0.264
≤ 0.3    (3-17) 
The liquefiable source sand was defined as being saturated (at or below the 
watertable), having a qc1N of less than 160 (Youd et al., 2001), and having a fines content 
less than 35% (cases where no liquefaction occurred in the field (Seed et al., 1985)). 
 
Table 3.2.  Soil Behavior Type Index and Corresponding Soil Types (Robertson, 
1990; Robertson, 2010). 
Zone Soil Behavior Type Ic 
1 sensitive, fine-grained n/a 
2 organic soils > 3.6 
3 clays – silty clay to clay 2.95 to 3.6 
4 silt mixtures – clayey silt to silty clay 2.60 to 2.95 
5 sand mixtures – silty sand to sandy silt 2.05 to 2.6 
6 sands – clean sand to silty sand 1.31 to 2.05 
7 gravelly sand to dense sand < 1.31 
8 very dense sand to clayey sand (heavily OC or cemented) n/a 
9 very stiff, fine-grained (heavily OC or cemented) n/a 
 
3.2.1.2  Shear Wave Velocity Measurements 
The SCPT included geophones for measuring incoming shear waves at depth that 
are generated mechanically at the ground surface.  The shear wave was created by 
striking a wood block placed in firm contact with the ground – typically beneath a 
hydraulic leveling jack of the CPT rig.  A sledgehammer, equipped with an electronic 
trigger, was used to strike the block.  The strike occurred in the direction of the CPT hole.  
The in situ shear wave velocity was determined from the time difference measured 
between the trigger time and the wave arrival time and the distance to each of two 
seismic geophones in the SCPT seismic probe assembly.  The upper and lower geophones 
were spaced about 1 m (3.3 m) apart.  The use of two geophones allowed the 
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determination of true interval velocity measurements (Lunne et al., 1997).  The shear 
wave velocity test was performed at 1 m (3.3 ft) depth intervals during SCPT penetration. 
 
3.2.2 Standard Penetration Test 
The Standard Penetration Test with energy measurements (SPTE) was performed 
by S&ME, Inc. of Mount Pleasant, South Carolina per ASTM D 1568 and ASTM 4633.  
A CME 550X all-terrain, wheel-based drill rig manufactured by Central Mine Equipment 
Company was used for SPTE testing (Figure 3.5). 
The energy measurements were used to provide a correction factor for the blow 
count at a standard energy ratio of 60%.  The SPTE was performed using an automatic 
trip hammer with a hammer weight of 130 lbs (59 kg) dropping a distance of 30 in. (0.76 
m).  A split spoon sampler was attached to the end of AW drill rod, which was used to 
collect soil samples as the split spoon was driven into the soil. 
The drive distance for the sampler was 2 ft (0.61 m) and the number of drops 
(blows) was recorded for each 6-in. (15 cm) interval.  The energy values were determined 
for each hammer blow by obtaining the hammer force and wave velocity from the 
acceleration and strain of an instrumented SPT rod that is 2 ft (0.6 m) long.  The 
instrumented rod (Figure 3.6) and data acquisition/processor module are manufactured by 
Pile Dynamics, Inc. in Cleveland, Ohio.  Data from the SPTE included energy 
measurement and blow count (N).  The energy ratio (ER) was determined by the Pile 
Dynamics processor.   
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Figure 3.4.  HWD-CPT-4 Output showing qt, fs, Rf, and u2 with Hydrostatic Pressure (uo) Line and 
Soil Classification using the Soil Behavior Type Index. 
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Figure 3.5.  Standard Penetration Testing with Energy Measurements at Four Hole 
Swamp. 
 
The blow count corrected for overburden effect, N1, was determined as follows 
(Seed et al., 2003): 
    N1 CNN        (3-18) 
where: N = blow count and CN is the overburden correction factor.  The overburden 
correction factor is given by Liao and Whitman (1986) as: 
    7.1
σ
p
C
5.0
v
a
N 






      (3-19) 
 
J.D. Ray 
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Figure 3.6.  Standard Penetration Test Instrumented Rod Assembly 
for Energy Measurements. 
 
where: pa = reference pressure (100 kPa), σ′v = effective vertical overburden pressure, 
and CN is limited to 1.7 (Idriss and Boulanger, 2008). 
To normalize N to a hammer energy efficiency ratio of 60%, N was corrected as 
follows:   
N60 = N · CR · CS · CB · CE    (3-20) 
accelerometer 
strain gauge 
0.6 m SPT rod 
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 CR = correction for short drill rod length 
 CS = correction for non-standard sampler configuration 
 CB = correction for borehole diameter 
 CE = correction for hammer energy efficiency 
To standardize the energy-corrected blow count to 60% hammer efficiency (N60) 
to the overburden-corrected blow count (N1)60, N1 is corrected as follows: 
(N1)60 = N1 · CR  · CS · CB · CE    (3-21) 
The factor CS was taken as 1.0 because a standard split spoon sampler was used 
without a liner (Seed et al., 1984) and the factor of CB was taken as 1.0 because the 
borehole diameter was between 65 to 115 mm (Skempton, 1986).  The rod correction 
factor, CR, is determined from the length of the drill rod according to the following table. 
 
Rod Length 
(m) 
CR 
< 3 0.75 
3 to 4 0.80 
4 to 6 0.85 
6 to 10 0.95 
10 to 30 1.00 
 
The factor CE used the energy measurements processed at the time of the SPTE 
as:    
60
ER
CE        (3-22) 
    ER = energy ratio 
The aforementioned is common to SPT evaluation methods for determining 
liquefaction potential, except for the determination of CN. 
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An example of a blow count plot with elevation is shown in Figure 3.7.  The SPT 
results from SAM-SPTE-1 at the Sampit site are shown with a demarcation of 30 blows 
per foot for (N1)60, which is suggested by Youd and Idriss (1997) as an upper limit for 
defining soil with liquefaction potential.  The soil profile determined from index property 
tests is shown on the right hand side to provide a clearer separation between the low-blow 
count, poorly-graded Sand from the low-blow count lean clay. 
 
3.2.3 Flat Plate Dilatometer Testing 
Flat plate dilatometer tests (DMT) were performed by S&ME, Inc. of Mount 
Pleasant, South Carolina per ASTM D 6635 at the Fort Dorchester, Four Hole Swamp, 
Gapway, Hollywood, and Sampit sites.  The DMT is a Marchetti-type that is 
manufactured by GPE, Inc. in Gainesville, Florida.  By way of correlations, it is capable 
of determining soil parameters including tangent modulus, lateral stress, pre-
consolidation stress, water table depth and pressure in sands, soil stratigraphy, undrained 
shear strength in clays, drained friction angle in sands, and Young’s modulus (GPE, Inc., 
2012).  The previously noted soil parameters were determined using data supplied from 
the DMT – the material index (ID), horizontal stress index (KD), dilatometer modulus 
(ED), and the constrained modulus (M) (Marchetti et al., 2001). 
Two DMTs were performed at FD in the northeast and the northwest directions at 
a depth range from 2.0 to 12.0 ft (0.6 to 3.7 m) below ground surface at 2 ft (0.6 m) 
intervals. 
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Figure 3.7.  Plot of SPTE-SAM-1 Showing Trend of Blow Count, Energy-adjusted 
Blow Count, and Normalized Energy-adjusted Blow Count (soil classification from 
laboratory index tests). 
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  One DMT was performed at each of the following sites and depths: Four Hole 
Swamp from 2 to 22 ft (0.6 to 6.7 m) below ground surface, Gapway from 1.0 to 18.0 ft 
(0.3 to 5.5 m) below ground surface, Hollywood from 1.0 to 20.0 ft (0.3 to 6.1 m), and 
Sampit from 1.0 to 33.0 ft (0.3 to 10.1 m) below ground surface. 
The in situ stress ratio, K0, can be determined using the DMT (Marchetti, et al., 
2001) based on the KD (horizontal stress index) value and the CPT qc (tip stress) value for 
aged sands as shown in the following equation: 
𝐾0 = 0.376 + 0.095 ∙ 𝐾𝐷 − 0.005 ∙
𝑞𝑐
𝜎𝑣𝑜
′    (3-23) 
 
3.2.4 Fixed Piston Tube Sampling 
A borehole was drilled at each of three sites – FHS, HWD, and SAM – to recover 
high quality soil samples.  Sampling was performed per ASTM D 6519 by S&ME, Inc. of 
Mount Pleasant, SC using an Osterberg-type fixed piston tube sampler.  The use of a 
fixed piston thin-walled tube sampler provided a lesser degree of disturbance to soils than 
other sampling methods, such as a Shelby thin tube sampler because the fixed piston 
maintains a vertical pressure on the soil as the tube is pushed, there is no fluid pressure 
buildup above the sample, and a negative effective stress occurs within the soil when the 
tube is retracted.  The piston sampler was operated by lowering the sampler to the bottom 
of the borehole, pressing the piston against the soil, and then advancing a thin-wall tube 
past the piston.  The tube was 30 in. (76 cm) long, had an inside diameter of 2.875 in. (73 
mm), a wall thickness of 1/16-in (1.6 mm), and was pushed a distance of 24 in. (610 
mm).  A CME 550X all-terrain, wheel-based drill rig manufactured by Central Mine 
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Equipment Company was used to rotary mud drill and push the piston tubes (Figure 3.8).  
The unit has a pulldown force of about 9.3 tons (8.4 metric tonnes). 
 
3.2.5 Vibracore Sampling 
 Soils at the Fort Dorchester site were sampled by the South Carolina Geological 
Survey using a BQ-size drill rod (1.81-in. I.D.) vibracore sampler that was mounted on a 
Geoprobe 7720DT track platform (Doar, 2012).  The vibracore drill rod was advanced 
into the soil at a high frequency (8,000 to 12,000 Hz) under a vertical load.  Soil core was 
retrieved inside a clear plastic sleeve with an inside diameter of 1.625 in. (41 mm) that 
was locked inside the drill rod.  Cores were obtained from depths ranging from 17.0 to 
25.0 ft (5.2 to 7.6 m) below the ground surface. 
 
3.2.6  Ex Situ Soil Freezing in Piston Tube 
A method for ex situ soil freezing was developed for reducing the amount of 
disturbance experienced by the samples during transportation from each site to the 
laboratory and during sample preparation and loading into the triaxial cell.  Soil samples 
that were retrieved from the boreholes in the piston tubes were drained and frozen at the 
site after being removed from the ground at Four Hole Swamp (five tubes), Hollywood 
(five tubes), and Sampit (six tubes).  A total of 16 piston tube samples were frozen in the 
field. 
The samples were drained for at least 24 hours and packers were installed at the 
top and bottom of the tube sample before freezing.   
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Figure 3.8.  Fixed Piston Tube Soil Sampling at Sampit using the CME550X Drill Rig. 
 
The packers, shown in Figure 3.9, are commercially-available pipe test plugs with a 
rubber compression seal that were modified to fit into the piston tube.  The plastic disks 
are about 2.75 in (70 mm) in diameter and 0.05-in (1.3 mm) thick and were inserted 
between the soil and the packer.  The disks were made by reducing the diameter of low 
pressure pipe test caps.  Both the upper and lower packers were fitted with three telltales 
made of fine-threaded machine screws.  The lower disk and packer were perforated to 
allow water to flow out of the soil at the bottom of the tube.  The upper disk was not 
perforated. 
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The bottom of the sample was prepared by first removing about 1.5 in (38 mm) of 
soil.  The excess soil was saved for index tests.  The disk and packer were placed firmly 
against the soil and the packer was tightened.  The top of the sample was cleaned until 
fresh soil was exposed and the upper disk and packer were placed.  A downward force of 
about 20 lbs (9.1 kg, 0.09 kN) was placed on the soil while the packer bolt was tightened.  
Because of the distance between the sample and the top of the tube, two long-handle tools 
were developed to remove soil, clean the tube, and tighten the packer.  The distance 
between the packer and the edge of the tube was measured at both ends of the tube using 
a 12-in (305 mm) micrometer at six equally-spaced points about the circumference of the 
packer.  The distance between the tip of the telltales and the packer was measured and all 
values were recorded. 
After the packers were placed, a thermistor was attached to the outside of the tube 
where the upper depth of the soil was located and another attached to the outside of the 
tube at the lower depth location of the soil within the tube.  The thermistor usable range 
was from a temperature of -50 to 150°C (-58 to 302°F).  A freezer box was constructed of 
23/32-in. (18 mm) plywood with one in. (25 mm) foam sheet insulation with upper and 
lower chambers separated by a 23/32-in. (25 mm) plywood plate.  A schematic of the 
freezer box is shown in Figure 3.10.  The chambers could be separated for ease of 
transport.  The freezer box was built to hold four vertically-oriented tubes, which were 
sealed at the plate with three-inch diameter rubber donut hubs.  The tubes were placed 
into the box and another check of the thermistors was performed.  The inside volume of 
the tube above the upper packer was filled with dry ice (frozen CO2 at -78°C) pellets and 
sealed. 
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Figure 3.9.  Tube Packers and Disks – Perforated Lower Packer and Disk 
at Left and Unperforated Upper Packer and Disk at Right. 
 
The cover of the box was screwed into place and the thermistors were monitored 
externally by wire feed-throughs and a resistivity meter.  Dry ice was replenished to keep 
the upper part of the tube filled to the top.  After the upper thermistor indicated a 
temperature of 25°F (-4°C), dry ice was placed on top of the plate and around the tubes to 
accelerate freezing of the soil in the lower section of the tubes.  The samples were 
transported when the lower thermistor reached a temperature of 25°F (-4°C).  Samples 
were transported to the laboratory where they were placed in a chest freezer at 0°F (-
18°C).  After three days, the packer and telltale distances were measured to determine 
any movement that may have occurred.  Longitudinal changes were then determined. 
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The frozen soil core was extracted from the piston tube in two stages.  In the first 
stage, the top and bottom segments of the tube were removed at the inside of the packers 
using a manual pipe cutter with a 4-in. (10 cm) jaw.  The open ends were sealed with 
plastic and the tube returned to the freezer.  In the second stage, the tube was cut 
longitudinally with a high speed rotary, 0.007-in (0.2 mm) thick metal cutting blade 
while held in a vise.  The tube separated readily with a spring-like action and the tube 
wall separated from the frozen soil core.  Prying the tube apart by about 0.5-in. (13 mm) 
provided sufficient clearance for the core to slide from the tube.  A full-length frozen 
core from Sampit is shown in Figure 3.11. 
The test specimens were cut from the core using a dry-type rotary diamond blade 
and quickly placed in pre-labeled plastic bags and returned to the freezer.  Specimen 
sections for cyclic triaxial testing were chosen based on the color and texture of the 
frozen soil. 
 
3.2.7 Piezometers 
Piezometers were installed at four sites – FD, FHS, SAM, and HWD.  The 
piezometers at FD and FHS were installed by the University of South Carolina research 
team and were constructed of 1-in. (25 mm) inside diameter PVC plastic pipe with a 
perforated section 1 ft (0.30 m) long at the bottom, which was packed with geotextile.  
The piezometers were set at a depth of about 15 ft (4.6 m) below the ground surface.  The 
piezometers at HWD and SAM were installed by S&ME using a CME 550X all-terrain, 
wheel-based drill rig manufactured by Central Mine Equipment Company (Figure 3.12). 
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Figure 3.10.  Cutaway Side View Schematic of the Dry Ice Freezer Box and Packer 
Details. 
 
At HWD and SAM, the piezometers were set at a depth of 15 ft (4.6 m) below the ground 
surface and constructed of 3 in. (75 mm) inside diameter plastic pipe with a bottom sand 
pack and sealed to the ground surface with a cement-bentonite grout.  The water table 
depth was measured using a conduction-type water level indicator.  
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Figure 3.11.  Frozen Soil Core from Sampit at a Depth Interval of 17.2 to 18.8 ft (2.2 to 
5.7 m) Below Ground Surface. 
 
3.2.8 Global Positioning Survey 
A Trimble global positioning system owned by USC’s Department of Geography 
was used to survey the positions and elevations of the exploration points and features at 
the research sites.  The system included a GeoXH handheld receiver operated by 
Windows Mobile software, TerraSync application software, and a Tornado external 
antenna.   The real-time horizontal and vertical accuracy of the unit was less than 36 in. 
(less than 1 m) and the post-processed accuracy was less than 20 in. (less than 50 cm).  
The site elevations were verified using the Digital Elevation Model available from the 
South Carolina Geological Survey (2012). 
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3.3  Methods for Evaluating Liquefaction Resistance 
There are three methods that are used to evaluate the liquefaction resistance of 
soil deposits.  Each method results in a cyclic resistance ratio (CRR) that is ultimately 
compared to the database of case histories that have indicated the presence of liquefaction 
during an earthquake.  The three methods are presented in the following sections. 
 
3.3.1  Cetin et al. (2004) and Seed et al. (2003) 
Cetin et al. (2004) and Seed et al. (2003) are also similarly premised on the same 
work as Seed and Idriss (1971), however, the modal mass participation factor, rd, is 
determined from: 
𝑙𝑛(𝑟𝑑) = 𝛼(𝑧) + 𝛽(𝑧) ∙ 𝑀𝑤     (3-24)  
where 𝛼(𝑧) = −1.012 − 1.126 ∙ sin (
𝑧
38.5
+ 5.133) (3-25) 
and 𝛽(𝑧) = 0.106 + 0.118 ∙ sin (
𝑧
37.0
+ 5.142)   (3-26) 
and where Mw = earthquake magnitude     (3-27) 
 z = depth (ft)       (3-28) 
Solving for rd results in the equation: 
𝑟𝑑 = 𝑒
[𝛼(𝑧)+𝛽(𝑧)∙𝑀𝑤]      (3-29) 
The N value corrected for overburden effects, N1, is: 
𝑁1 = 𝑁 ∙ 𝐶𝑁       (3-30) 
where CN is taken from Liao and Whitman (1986), but is limited to 1.6 as: 
𝐶𝑁 = (
1
𝜎𝑣
′)
0.5
≤ 1.6      (3-31) 
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and the fully corrected N value is then: 
(𝑁1)60 = 𝑁1 ∙ 𝐶𝑅 ∙ 𝐶𝑆 ∙ 𝐶𝐵 ∙ 𝐶𝐸      (3-32) 
The adjustment for the fines content, which results in the clean sand N value is 
calculated as follows: 
(𝑁1)60,𝑐𝑠 = (𝑁1)60 ∙ 𝐶𝐹𝐼𝑁𝐸𝑆     (3-33) 
where  𝐶𝐹𝐼𝑁𝐸𝑆 = (1 + 0.004 ∙ 𝐹𝐶) + 0.05 ∙ (
𝐹𝐶
(𝑁1)60
)   (3-34)  
with    5% ≤ 𝐹𝐶 ≤ 35%      (3-35) 
Incorporating the CFINES value into the CRR equation based on (N1)60 and a 15% 
probability of liquefaction results in: 
𝐶𝑅𝑅((𝑁1)60, 𝑀𝑤, 𝜎𝑣
′ , 𝐹𝐶, 𝑃𝐿)
= 𝑒𝑥𝑝 [
(𝑁1)60 ∙ (1 + 0.004 ∙ 𝐹𝐶) − 29.53 ∙ 𝑙𝑛(𝑀𝑤) − 3.70 ∙ 𝑙𝑛 (
𝜎𝑣
′
𝑃𝑎
) + 0.05 ∙ 𝐹𝐶 + 16.85 + 2.70 ∙ 𝜑−1(𝑃𝐿)
13.32
] 
(3-36) 
where:  φ-1(PL) = inverse of the standard cumulative normal distribution and PL is taken at 
a 15% probability of liquefaction occurrence. 
 
3.3.2  Idriss and Boulanger (2008) 
Determination of the CRR by Idriss and Boulanger (2008) begins with the 
normalization coefficient, which is an iterative function and is calculated as follows: 
𝐶𝑁 = (
𝑃𝑎
𝜎𝑣𝑐
′ )
0.784−0.0768∙√(𝑁1)60
≤ 1.7  (3-37) 
The CRR uses the clean sand N value, (N1)60cs, as shown: 
𝐶𝑅𝑅𝑀=7.5,𝜎𝑣𝑐′ =1 = 𝑒𝑥𝑝 (
(𝑁1)60𝑐𝑠
14.1
+ (
(𝑁1)60𝑐𝑠
126
)
2
− (
(𝑁1)60𝑐𝑠
23.6
)
3
+ (
(𝑁1)60𝑐𝑠
25.4
)
4
− 2.8) 
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           (3-38) 
where: 
(𝑁1)60𝑐𝑠 = (𝑁1)60 + ∆(𝑁1)60   (3-39) 
and 
∆(𝑁1)60 = 𝑒𝑥𝑝 (1.63 +
9.7
𝐹𝐶+0.01
− (
15.7
𝐹𝐶+0.01
)
2
)  (3-40) 
The magnitude scaling factor for determining the cyclic stress ratio is calculated 
as follows: 
𝑀𝑆𝐹 = 6.9 ∙ 𝑒𝑥𝑝 (
−𝑀
4
) − 0.058 ≤ 1.8  (3-41) 
with the static stress correction factor as: 
𝐾𝜎 = 1 − 𝐶𝜎 ∙ 𝑙𝑛 (
𝜎𝑣𝑐
′
𝑃𝑎
) ≤ 1.1   (3-42) 
And Cσ  as follows: 
𝐶𝜎 =
1
18.9−2.55∙√(𝑁1)60
≤ 0.3    (3-43) 
The Kα value is taken as 1 because of level ground conditions. 
𝐾𝛼 = 1      (3-44) 
 
3.3.3  Youd et al. (2001) 
The Youd et al. (2001) method uses (N1)60 and (N1)60cs to determine the CRR as 
given below: 
 
𝐶𝑅𝑅𝑀=7.5,𝜎𝑣𝑐′ =1 = (
1
34 − (𝑁1)60
+
(𝑁1)60
135
+
50
(10 ∙ (𝑁1)60 + 45)2
−
1
200
) 
           (3-45) 
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(𝑁1)60𝑐𝑠 = 𝛼 + 𝛽 ∙ (𝑁1)60    (3-46) 
𝛼 = 0 𝑓𝑜𝑟 𝐹𝐶 ≤ 5%     (3-47) 
𝛼 = 𝑒𝑥𝑝 [1.76 − (
190
𝐹𝐶2
)]  𝑓𝑜𝑟 5% < 𝐹𝐶 < 35% (3-48) 
𝛼 = 5.0 𝑓𝑜𝑟 𝐹𝐶 ≥ 35%     (3-49) 
𝛽 = 1.0 𝑓𝑜𝑟 𝐹𝐶 ≤ 5%     (3-50) 
𝛽 = [0.99 + (
𝐹𝐶1.5
1000
)]   𝑓𝑜𝑟 5% < 𝐹𝐶 < 35%  (3-51) 
𝛽 = 1.2  𝑓𝑜𝑟 𝐹𝐶 ≥ 35%    (3-52) 
(N1)60cs is substituted for (N1)60 in Eqn. 3-45 to determine the clean sand equivalent CRR. 
 
3.4  Subsurface Exploration and Field Testing 
The general conditions and characteristics for five research sites at which 
paleoliquefaction has occurred are described in this section.  The sites are located in the 
South Carolina Outer Coastal Plain ranging from the near west of Georgetown, South 
Carolina to Hollywood, South Carolina west of Charleston, South Carolina, and to Four 
Hole Swamp east of St. George, South Carolina. 
In situ soil testing was performed at some of the sites as early as 1999 and most 
recently from 2007 to 2010 as summarized in Table 3.3.  Soil property testing and 
characterization included cone penetration testing with and without shear wave velocity 
measurements, standard penetration testing with and without energy measurements, flat 
plate dilatometer testing, water level measurements, cross-hole seismic wave velocity 
testing, and the retrieval of piston tube samples for cyclic triaxial tests. 
The subsurface exploration and testing that has been performed at FD, FHS, GAP, 
HWD, SAM, and TMH A and B are summarized in Table 3.3.  Testing at sites FD, FHS, 
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GAP, HWD, and SAM included at least three cone penetration tests with pore pressure 
measurement (CPTu, commonly referred to as CPT) with and without seismic shear wave 
velocity tests (SCPTu, commonly referred to as SCPT) and at least one flat plate 
dilatometer test (DMT).  Three sites – FHS, HWD, and SAM – also included one 
borehole (BH) for fixed piston tube soil sampling (FP), two standard penetration tests 
with energy measurements (SPTE), and one piezometer (PZ).  Piezometer installation at 
the Hollywood site is shown in Figure 3.12. 
The SPTEs and BH are spaced at 9-ft (2.7 m) intervals and the SCPTs are spaced 
at intervals ranging from 40 to 250 ft (12.2 to 76.2 m).  The South Carolina Geological 
Survey retrieved sonic vibracore (VC) samples at the FD site.  The coordinates and 
elevations of the exploration points at all sites were surveyed using a global positioning 
system (GPS). 
 
3.4.1  Fort Dorchester 
The Fort Dorchester site is located at Colonial Dorchester State Historic Site in 
Summerville, South Carolina.  The topography is flat with a moderate downward slope to  
the west and south towards the Ashley River.  The Fort Dorchester site was investigated 
more thoroughly than any other site due to the presence of a newly discovered sand blow 
above a splay of the Saw Mill Branch fault zone (Talwani et al., 2011).  The 
location of the site is shown in Figure 3.13.  The main exploration alignment, which is 
oriented northeast-southwest, includes one CPT, three SCPTs, two DMTs, one PZ, and 
one VC as shown in Figure 3.14.  The distances between the exploration and testing 
points are listed in Table 3-4.  FD-VC-1 is offset south of FD-SCPT-2 by 1.5 ft (0.5 m). 
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Figure 3.12.  Piezometer Installation at Hollywood using the CME550X 
Drill Rig. 
 
FD-DMT-EW and FD-DMT-NS are offset north of the alignment by 4 ft (1.2 m) and 6 ft 
(1.8 m), respectively. 
The second exploration alignment crosses the main alignment and is oriented 
northwest-southeast and includes two CPTs, two SCPTs, and two VCs (Figure 3.14).  
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This alignment passes through the sandblow and intersects the main alignment at FD-
SCPT-2. 
 
 
Table 3.3.  Exploration and Field Testing Performed at University of South Carolina 
Research Sites. 
Research 
Site 
Number of Field Tests Performed  
CPTu SCPTu SPT SPTE FPT DMT CHS VC Auger PZ 
FD 2 5 0 0 0 2 0 3(3) 0 1 
FHS 0 3 0 2 5 1 1(2) 0 0 1 
GAP 0 3,5(1) 6(1) 0 0 1 0 0 4(1) 0 
HWD 3 3 0 2 5 1 1(2) 0 0 1 
SAM 0 3,6(1) 6(1) 2 6 1 1(2) 0 0 1 
TMH A(1) 0 5 4 0 0 0 0 0 0 0 
TMH B(1) 0 5 5 0 0 0 0 0 0 0 
Notes: 
CPTu = cone penetration test with pore pressure measurement 
SCPTu = CPTu with shear wave velocity test 
SPT = standard penetration test 
SPTE = standard penetration test with energy measurement 
FPT = fixed piston tube sample, number of samples retrieved from one borehole 
DMT = flat plate dilatometer test 
CHS = cross-hole seismic shear wave velocity test 
VC = vibracore sample 
PZ = piezometer 
 
All work performed as part of current study unless otherwise noted. 
(1) Talwani et al., 1999. 
(2) Clemson University, 2010. 
(3) South Carolina Geological Survey, 2007. 
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Figure 3.13.  Aerial Photograph of the Fort Dorchester Research Site (Google earth, 2011). 
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Figure 3.14.  Exploration and Test Locations at the Fort Dorchester Research Site. 
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Table 3.4.  Distances Between Exploration and Field 
Testing Locations at Fort Dorchester. 
Exploration/Testing Locations Distance Between 
Points (m) from to 
SCPT-1 SCPT-2 14.8 
SCPT-2 CPT-7a 14.4 
CPT-7a/PZ SCPT-7b 1.0 
SCPT-1 DMT-NS 9.4 
DMT-NS DMT-EW 3.9 
SCPT-2 VC-1 0.4 
SCPT-2 SB 20.2 
VC-1 VC-2 25.4 
VC-2 VC-3 19.3 
SCPT-2 SCPT-3 40.9 
SCPT-3 CPT-4 27.0 
SCPT-3 CPT-5 46.4 
CPT-4 SCPT-6 49.0 
 
The CPTs and SCPTs range in depth from 23.8 to 65.5 ft (7.2 to 20.0 m).  The 
DMTs were pushed perpendicular to each other to a depth of 12 ft (3.7 m) and tests were 
performed at depth intervals of 2 ft (0.6 m).  The VCs penetrated to depths ranging from 
17.0 to 25.0 ft (5.2 to 7.6 m) and the PZ was set at a depth of 24 ft (7.3 m).  A summary 
of exploration and testing depths is given in Table 3.5. 
The sand blow was estimated to be more than 5,000 years old (Talwani et al., 
2011).  The source sands are estimated to be 200,000 years old (early- to middle-
Pleistocene) (Weems and Lemon, 1984). 
The general soil profile at Fort Dorchester consists of approximately 10 ft (3 m) 
of interlayered silty sand, sandy clay with clay lenses, and silty clay.  This overlies about 
5 ft (1.5 m) of sand, which in turn overlies 5 ft (1.5 m) of silty sand overlying sandy silt 
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Table 3.5.  Summary of Site Exploration and Field Testing at Fort 
Dorchester. 
Point Number Depth Range (m) No. Samples No. Tests 
SCPT-1 0.00 to 9.46 --- 9 (1) 
SCPT-2 0.00 to 10.38 --- 10 (1) 
SCPT-3 0.00 to 10.59 --- 9 (1) 
SCPT-6 0.00 to 19.83 --- 19 (1) 
SCPT-7b 0.00 to 23.33 --- 6 (1) 
CPT-4 0.00 to 9.76 --- --- 
CPT-5 0.00 to 7.09 --- --- 
CPT-7a 0.00 to 9.02 --- --- 
DMT-EW 0.61 to 3.66 --- 6 
DMT-NS 0.61 to 3.66 --- 6 
VC-1 0.00 to 7.60 continuous --- 
VC-2 0.00 to 7.60 continuous --- 
VC-3 0.00 to 6.10 continuous --- 
PZ 0.0 to 7.3 --- --- 
(1) number of seismic velocity tests.  
 
and clayey silts below a depth of 20 ft (6 m).  The watertable was found at about 17.5 ft. 
(5.3 m) below the ground surface.  The ground surface elevation ranges from about 9.8 ft 
(3 m) at the river bank at high tide to about 36 ft (11 m) above MSL at the northernmost 
extent of the exploration area at the reference point Lot 15/16 (Figure 3.14). 
 
3.4.2  Four Hole Swamp 
The Four Hole Swamp site is located about 2.6 mi (4.2 km) east of Dorchester, 
South Carolina near the intersection of South Carolina State Highways 78 and 178 
(Figure 3.15).  The ground slopes gently downward to the east-southeast towards Four 
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Hole Swamp.  The exploration alignment is oriented approximately east-west and 
includes three SCPT, two SPTE, one DMT, one PZ, one BH, one test pit, and one 
sandblow as shown in Figure 3.16.  The test pit – 4 ft wide, 4 ft long, and 3.5 to 4.5 ft 
deep (1.2 m, 1.2 m, and 1.1 to 1.4 m, respectively) – was used for testing a one cubic foot 
block sampler starting at the watertable surface.  The distances between exploration and 
testing locations are given in Table 3.6. 
The SCPTs were pushed to depths ranging from 20.0 to 25.3 ft (6.1 to 7.7 m) and 
the DMT was pushed to a depth of 22 ft (6.7 m) and tests were performed at depth 
intervals of 2 ft (0.6 m).  The SPTEs penetrated to depths of 20.0 and 26.0 ft (6.1 and 7.9 
m) for SPTE-2 (10 split spoon samples) and SPTE-1 (13 split spoon samples), 
respectively and the PZ was set at depth of 12.0 ft (3.7 m).  Five fixed piston tube 
samples were retrieved from the BH between depths from 5.0 ft to 15.0 ft (1.5 to 4.6 m) 
below ground surface.  The testing and sampling depths are given in Tables 3.7 and 3.8.  
The age of the sandblow was estimated to be about 1660 years old (Rajendran and 
Talwani, 1993).  The source sands are about 1.4 to 1.6 million years old (early 
Pleistocene) (Weems et al., 1997).  
The general soil profile includes 3 ft (1 m) of clayey sand at the surface which 
overlies successively in profile 2 ft (0.6 m) of sandy clay, 1 ft (0.3 m) of fine sand, 3 ft (1 
m) of loose, fine sand, 6 ft (1.8 m) of soft clay, and below 15 ft (4.6 m) a sandy clay.  
Over a period from January 2008 to April 2010, the water table was found to vary from 
5.2 to 7.3 ft (1.6 to 2.2 m) below the ground surface.  The ground surface elevation 
ranges from about 57 ft (17.5 m) at the test pit to about 72 ft (22 m) above MSL at FHS-
SCPT-2. 
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3.4.3  Gapway 
The Gapway site is located about 9 mi (14.5 km) west-northwest of Georgetown, 
South Carolina.  The topography is flat to slightly undulating and the exploration 
alignment is oriented north-northeast.  The general location of the site is shown in Figure 
3.17.  Sandblows (labeled A to D) that were previously identified by Talwani et al. 
(1999) are shown in Figure 3.18.  Organic material collected from the sandblows 
indicated liquefaction activity ranging from 1518 to 5295 years before present.  The 
source sands have been estimated to be at least 450,000 years old (middle Pleistocene) 
(Weems and Lemon, 1984). 
The field testing performed at the site included a co-linear arrangement of three 
SCPTs and one DMT as shown in Figure 3.19 (note that the alignment shown herein is 
correct and differs from Figure 2 in Hu et al (2002a), which contains an error).  The 
distances between points are given in Table 3.9.  The SCPTs were pushed to depths 
ranging from 23.9 to 37.8 ft (7.3 to 11.5 m) and the DMT was pushed to a depth of 18 ft 
(5.5 m) with testing intervals of 1 ft (0.3 m). 
Previous exploration and testing was reported by Hu et al. (2002a), which 
included five SCPTs ranging from 21.7 to 37.5 ft (6.6 to 11.4 m) deep and five SPTs 
ranging from 19 to 21 ft (5.8 to 6.4 m) deep.  Four holes were hand-augered to depths 
ranging from 11.5 to 13.1 ft (3.5 to 4.0 m) as described in Talwani et al. (1999).  
Distances between exploration and field test locations are given in Table 3.10. 
The general soil profile consists of 3 ft (1 m) of sand that overlies 1 ft (0.3 m) of 
clay, 3 ft (1 m) of source sand, 8 ft (2.4 m) of clay, and sand below a depth of 15 ft (4.6 
m). 
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Figure 3.15.  Aerial Photograph of Four Hole Swamp Research Site (Google earth, 2011). 
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Figure 3.16.  Exploration Layout and Field Test Locations at the Four Hole Swamp Research Site. 
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Table 3.6.  Distances Between Exploration and Field 
Test Locations at Four Hole Swamp. 
Exploration/Testing Locations Distance Between 
Locations (m) from to 
TP SB 1.8 
SB SCPT-1/PZ 7.9 
SCPT-1 PZ 0.0 
SCPT-1 DMT 2.8 
SCPT-1 SCPT-2 13.5 
SCPT-2 SCPT-3 19.1 
SCPT-1 BH 2.7 
BH SPTE-1 2.7 
BH DMT 2.5 
SPTE-1 SPTE-2 2.7 
SPTE-2 SCPT-2 5.2 
 
Table 3.7.  Summary of Exploration and Field Tests at Four 
Hole Swamp. 
Type-No. Depth Range (m) No. Samples No. Tests 
SCPT-1 0.00 to 7.55 --- 5 (1) 
SCPT-2 0.00 to 5.98 --- 4 (1) 
SCPT-3 0.00 to 6.41 --- 4 (1) 
BH/FPT 1.52 to 4.57 5 --- 
SPTE-1 0.00 to 7.92 13 13 
SPTE-2 0.00 to 6.10 10 10 
DMT 0.61 to 6.71 --- 11 
PZ 0.0 to 3.7 --- --- 
(1) number of seismic velocity tests. 
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Table 3.8.  Sampling Intervals and Recovery of Fixed Piston Tube 
Samples at Four Hole Swamp. 
Tube Sampling Depth              
ft (m) 
Sample Recovery   
ft (m) 
Recovery 
(%) 
5.0 to 6.3   (1.52 to 1.92) 1.3   (0.40) 100 
7.0 to 8.1   (2.13 to 2.47) 1.1   (0.34) 100 
9.0 to 10.2   (2.74 to 3.11) 1.2   (0.37) 100 
11.0 to 13.0   (3.35 to 3.96) 2.0   (0.61) 100 
13.0 to 15.0   (3.96 to 4.57) 2.0   (0.61) 100 
 
Table 3.9.  Distances Between Exploration and Field 
Test Locations at Gapway. 
Exploration/Testing Locations Distance Between 
Locations (m) from to 
SCPT-1 DMT 84.2 
SCPT-1 SCPT-2 75.9 
SCPT-2 SCPT-3 34.3 
 
The water level in July 2007 was estimated at about 5.0 ft (1.5 m) below the 
ground surface.  The ground surface elevation ranges from about 13 to 16 ft (4.0 to 4.8 
m) above MSL. 
 
3.4.4 Sampit 
 The Sampit site is located about 9.2 mi (14.8 km) west-northwest of Georgetown, 
South Carolina and is approximately 1.2 mi (1.9 km) southwest of the Gapway site 
(Figure 3.17).  The topography is gently sloping downward to the northwest and the 
exploration alignment is oriented northwest-southeast.  
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Figure 3.17.  Aerial Photograph of the Gapway and Sampit Research Sites (Google earth, 2011).
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Figure 3.18.  Exploration and Test Locations at Gapway. 
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Table 3.10.  Distances Between Exploration and Test 
Locations at Gapway (after Hu et al., 2002a). 
Exploration/Testing Locations Distance Between 
Locations (m) from to 
GAP-01 GAP-02 200 
GAP-02 GAP-03 170 
GAP-03 GAP-04 65 
GAP-04 GAP-05 90 
Note: each point represents a paired SPT and CPT. 
 
As summarized in Table 3.11, subsurface exploration and testing included three SCPTs, 
two SPTs with energy measurements (SPTE), one DMT, and one PZ.  The SCPTs 
penetrated to depths ranging from 52.1 to 55.0 ft (15.9 to 16.8 m) and the SPTEs were 
driven to depths of 24.0 ft (7.3 m) and 36.0 ft (11.0 m).  The DMT was pushed to a depth 
of 33.0 ft (10.1 m) and tests were performed at 1-ft (0.3-m) intervals.  The PZ was set at a 
depth of 24.0 ft (7.3 m).  Six fixed piston tube samples were retrieved from depths 
between 7.0 and 19.0 ft (2.1 to 5.8 m), the details of which are given in Table 3.12.  
Distances between the exploration and field test locations are given in Table 3.13.  The 
DMT is offset to the west-southwest from the alignment by about 10 ft (3.0 m). 
There are three sand blows (Talwani and Schaeffer, 2001), and six SCPTs and six 
SPTs that were previously studied by Hu et al. (2002a) that are co-linear with the overall 
exploration alignment shown in Figure 3.19.  A local alignment is shown in Figure 3.20.  
The recent (2007) CPTs and SCPTs were pushed to depths ranging from 35.5 to 45 ft 
(10.8 to 13.7 m) and the SPTEs were driven to depths ranging from 24.0 to 36.0 ft (7.3 to 
11.0 m) for SPTE-2 and SPTE-1, respectively. 
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Table 3.11.  Summary of Site Exploration and Field Testing at 
Sampit. 
Type-No. Depth Range (m) No. Samples No. Tests 
SCPT-1 0.00 to 16.61 --- 15 (1) 
SCPT-2 0.00 to 15.77 --- 14 (1) 
SCPT-3 0.00 to 16.34 --- 16 (1) 
BH/FPT 2.13 to 5.79 6 --- 
SPTE-1 0.00 to 10.97 18 18 
SPTE-2 0.00 to 7.32 12 12 
DMT 0.30 to 10.06 --- 33 
PZ 0.0 to 4.6 --- --- 
(1) number of seismic velocity tests. 
 
 
Table 3.12.  Borehole Fixed Piston Tube Samples at Sampit. 
Tube Sampling Depth              
ft (m) 
Sample Recovery   
ft (m) 
Recovery 
(%) 
7.0 to 9.0    (2.13 to 2.74) 2.0    (0.61) 100 
9.0 to 11.0    (2.74 to 3.35) 2.0    (0.61) 100 
11.0 to 13.0    (3.35 to 3.96) 2.0    (0.61) 100 
13.0 to 15.0    (3.96 to 4.57) 2.0    (0.61) 100 
15.0 to 17.0    (4.57 to 5.18) 2.0    (0.61) 100 
17.0 to 19.0    (5.18 to 5.79) 2.0    (0.61) 100 
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Table 3.13.  Distances Between Exploration and Field 
Test Locations at Sampit (after Hu et al., 2002a). 
Exploration/Testing Locations Distance Between 
Locations (m) from to 
SAM-01 SAM-02 30.7 
SAM-02 SAM-03 24.0 
SAM-03 SAM-04 24.3 
SAM-04 SAM-05 22.0 
SAM-05 SAM-06 33.3 
Note: each point represents a paired SPT and CPT. 
 
Age-dating of the sand blows SBN, SBM, and SBS shown in Figure 3.20 
indicated that formation occurred from 521 to 2471 years before present (Talwani et al., 
1999; Amick, 1990).  The age-dating of other sand blows at the Sampit site indicated 
ages of formation ranging from 922 to 7,386 years before present (Talwani et al., 1999; 
Amick, 1990).  The source sands at this site are about 450,000 years old (middle 
Pleistocene) (Weems and Lemon, 1984). 
The general soil profile includes the following soil types and layer thicknesses:  6 
ft (1.8 m) of sand underlain by 16 ft (4.9 m) of source sand, 9 ft (2.7 m), and silt 
beginning at a depth of 31 ft below the ground surface.  In April 2010, the water table 
was at a depth of 5.7 ft (1.7 m) below the ground surface.  The ground surface elevation 
along the northwest alignment ranges from 37 to 43 ft (11.3 to 13.2 m) above MSL. 
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Figure 3.19.  Exploration and Test Locations at Sampit. 
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Figure 3.20.  Local Detail of Exploration and Test Locations at Sampit. 
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The exploration alignment is oriented east-west and includes three SCPTs without pore 
pressure measurements, three CPTs with pore pressure measurements, two SPTs with 
energy measurements (SPTE), one DMT, one PZ, and one BH as shown in Figure 3.22.  
The SCPTs and CPTs penetrated to depths ranging from 33.3 to 63.2 ft (10.1 to 19.3 m) 
and both SPTEs penetrated to a depth of 26.0 ft (7.9 m).  The DMT was pushed to a 
depth of 20 ft (6.1 m) and tests were performed at 1-ft (0.3-m) intervals.  The PZ was set 
at a depth of 15 ft (4.6 m).  The distances between the exploration and testing locations 
are given in Table 3.14 and are summarized in Table 3.15.  Six fixed piston tube samples 
were retrieved from the BH between 8 and 18 ft (2.4 to 5.5 m) below the ground surface 
as detailed in Table 3.16. 
 
Table 3.14.  Distances Between Exploration and Field 
Test Locations at Hollywood. 
Exploration/Testing Points Distance Between 
Points (m) from to 
SCPT-1 CPT-2 29.5 
SCPT-2 SCPT-3 31.1 
CPT-4 CPT-5 32.4 
CPT-4 CPT-6 30.6 
SCPT-2 DMT 7.1 
CPT-4 DMT 7.6 
CPT-4 BH 2.7 
BH SPTE-1 2.7 
SPTE-1 SPTE-2 2.7 
SPTE-2 PZ 2.7 
SCPT-2 SB 2.7 
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Figure 3.21.  Aerial Photograph of Hollywood Research Site (Google earth, 2011). 
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Figure 3.22.  Exploration and Test Locations at Hollywood. 
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Table 3.15.  Summary of Site Exploration and Field Testing at 
Hollywood. 
Type No. Depth Range (m) No. Samples No. Tests 
SCPT-1 0.00 to 10.03 --- 10 (1) 
SCPT-2 0.00 to 18.84 --- 18 (1) 
SCPT-3 0.00 to 19.14 --- 19 (1) 
CPT-4 0.00 to 10.75 --- --- 
CPT-5 0.00 to 16.62 --- --- 
CPT-6 0.00 to 13.90 --- --- 
BH/FPT 2.44 to 5.49 5 --- 
SPTE-1 0.00 to 7.92 13 13 
SPTE-2 0.00 to 7.92 13 13 
DMT 0.30 to 6.10 --- 20 
PZ 0.0 to 4.6 --- --- 
(1) number of seismic velocity tests. 
 
Table 3.16.  Borehole Fixed Piston Tube Samples at Hollywood. 
Tube Sampling Depth               
ft (m) 
Sample Recovery   
ft (m) 
Recovery 
(%) 
8.0 to 10.0    (2.44 to 3.05) 2.0    (0.61) 100 
10.0 to 12.0    (3.05 to 3.66) 2.0    (0.61) 100 
12.0 to 14.0    (3.66 to 4.27) 2.0    (0.61) 100 
14.0 to 16.0    (4.27 to 4.88) 2.0    (0.61) 100 
16.0 to 18.0    (4.88 to 5.49) 2.0    (0.61) 100 
 
 Sand blows along the channel were investigated by Talwani and Cox (1985) with 
times of formation found to range from 467 to 4185 years ago.  The source sands at this 
site are about 200 ka to 240 ka before present (middle to late Pleistocene) (Weems and 
Lemon, 1988).  Other investigations by Weems et al. (1986) and Weems and Obermeier 
(1986) found sandblows that ranged in age of formation from 503 to 10,982 years before 
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present.  Martin (1990) performed geotechnical investigations along the Hollywood flood 
control channel at eleven sites over a distance of 7400 ft (2256 m), which included nine 
CPTs, six SPTs, and ten auger borings ranging from 30 to 65 ft (9.1 to 19.8 m) below the 
ground surface. 
 The general soil profile is as follows: 1 ft (0.3 m) of sand with organic matter at 
the surface, which overlies 10 ft (3.0 m) of sand and silty sand.  This is underlain by 29 ft 
(8.8 m) of sandy clay and clayey sand.  Over a period from July 2007 to April 2010, the 
water table depth was 5.5 to 7.5 ft (1.7 to 2.3 m) below the ground surface as determined 
from the piezometer and the water level in the channel.  The ground surface elevation 
ranges from about 29.5 to 31.0 ft (9.0 to 9.4 m) above MSL. 
 
3.4.6  Ten Mile Hill Site A 
Ten Mile Hill Site A (TMHA) is located about 3.9 mi (6.3 km) northwest of 
North Charleston, South Carolina.  The general location of the site is shown in Figure 
3.24.  The topography is flat and the exploration alignment is oriented northeast-
southwest as shown in Figure 3.24 (note that the alignment shown herein is correct and 
differs from Figure 2a in Hu et al. (2002a), which contains an error). Five SCPTs were 
pushed to depths ranging from 30.0 to 39.9 ft (9.1 to 12.2 m) and four SPTs were driven 
to a depth of 30.0 ft (9.1 m) as reported by Hu (2002a).  The SCPTs and SPTs are co-
located within about 6.5 ft (2 m) of each other.  The distances between the exploration 
points are given in Table 3.17.  The soil profile includes about 6 ft (1.8 m) of mixed sand 
layers overlying 8 ft (2.4 m) of source sand, which in turn overlies 7 ft (2.1 m) of clay, 
below which there is silt.  The estimated age of the source sand range from 200,000 to 
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240,000 years old (middle to late Pleistocene). (Weems and Lemon, 1988).  Sandblows 
have been found by Amick et al. (1990) about 165 ft (50 m) northwest of the site. 
 
Table 3.17.  Distances Between Exploration and Field 
Test Locations at Ten Mile Hill Site A (after Hu et al., 
2002a). 
Exploration/Testing Locations Distance Between 
Locations (m) from to 
TEN-01 TEN-02 25 
TEN-02 TEN-03 27 
TEN-03 TEN-04 23 
TEN-04 TEN-05 25 
Note: each point represents a paired SPT and CPT except for TEN-05. 
 
3.4.7  Ten Mile Hill Site B 
 The Ten Mile Hill Site B (TMHB) is located about 5.2 mi (8.4 km) northwest of 
North Charleston, South Carolina.  The location is near TMHA as shown in Figure 3.23.  
The topography is flat and the exploration alignment is oriented northwest as shown in 
Figure 3.24.  The subsurface exploration and testing included five SCPTs to a depth of 
30.0 ft (9.1 m) and four SPTs to depths ranging from 27.0 to 30.0 ft (8.2 to 9.1 m) as 
reported by Hu et al. (2002a).  The SCPTs and SPTs are co-located within about 6.5 ft (2 
m) of each other.  The distances between the exploration points are given in Table 3.18.  
The general soil profile (Hu et al., 2002a) consists of 8 ft (2.4 m) of mixed sand overlying 
12 ft (3.7 m) of source sand, which overlies 4 ft (1.2 m) of clay with silt below.  The 
estimated age of the source sands range from 200,000 to 240,000 years old (middle to 
late Pleistocene) (Weems and Lemon, 1988).  Although no evidence of sandblows was 
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found in the immediate area, there was extensive, local liquefaction that was witnessed 
and documented during the 1886 Charleston earthquake (Peters and Hermann, 1986).   
Excavations within and near the Ten Mile Hill area revealed sand blows north of the 
Charleston Airport (Amick et al., 1990). 
 
Table 3.18.  Distances Between Exploration and Field 
Test Locations at Ten Mile Hill Site B (after Hu et al., 
2002a). 
Exploration/Testing Locations Distance Between 
Locations (m) from to 
TEN-06 TEN-07 33 
TEN-07 TEN-08 33 
TEN-08 TEN-09 33 
TEN-09 TEN-10 33 
Note: each point represents a paired SPT and CPT. 
 
3.5 Laboratory Test Methods 
3.5.1 Index Tests 
Laboratory index tests were performed for soils obtained at FD, FHS, HWD, 
SAM, TMHA, and TMHB as summarized in Table 3.19.  Tests were performed in 
accordance with the respective American Society for Testing and Materials (ASTM) 
standards and included visual-manual classification (VM) using the Munsell Soil Color 
Charts (United States Department of Agriculture distributed by Kollmorgan Instruments, 
1994), sieve and hydrometer grain size distribution (GSD), Atterberg limits (LL/PL), 
specific gravity (Gs), unit weight (γ), moisture content (w), and Unified Soil 
Classification (USCS).  
  
1
1
3
 
 
Figure 3.23.  Aerial Photograph of the Ten Mile Hill Research Sites A and B (Google earth, 2011). 
Research Site A 
Research Site B 
N 
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Figure 3.24.  Exploration and Test Locations at the Ten Mile Hill Site A. 
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Figure 3.25.  Exploration and Test Locations at Ten Mile Hill Site B. 
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Table 3.19.  Standardized Methods for Soil Testing. 
Test Type 
Abbreviated 
Test Symbol 
ASTM Test 
Standard 
Grain size distribution – sieve and hydrometer GSD D 422 
Specific gravity Gs D 854 
Moisture content w D 2216 
Unit weight γ D 2263 
Visual manual description VM D 2488 
Liquid and plastic limits LL/PL D 4318 
Unified Soil Classification USCS D 2487 
 
These tests were performed on soil obtained from the SPTEs closest to the sample 
borehole (9 ft, 2.7 m away) at each site.  Soil tests at TMHA and TMHB were obtained 
during exploration and testing in 1999 and were reported by Hu (2001).  These tests did 
not include a determination of unit weight. 
In some cases, specialized testing or the determination of properties was 
performed outside the scope of ASTM standardized testing.  Deviation from ASTM D 
4318 was necessary to find the Atterberg limits of soils from sites with fines contents (< 
#200 sieve) of as little as 8.0% at FD, 4.8% at FHS, 8.1% at HWD, 2.2% at SAM, 4.1% 
at TMHA, and 8.0% at TMHB.  The Atterberg limit tests were performed only on soils 
containing equal to or more than 5% fines.  The modified plastic limit was performed by 
rolling the soil thread in the palm of the hand with slight finger pressure and in a very 
small quantity – typically less than 0.5 gm.  The soil was weighed with a scale accurate to 
0.001 gm and multiple tests were performed to assure consistency.  For the liquid limit 
test, it was observed that soils with low fines content exhibited sliding versus flow in the 
liquid limit cup.  Soil exhibiting this behavior nullified the test and the soil was classified 
as non-plastic. 
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3.5.2 Cyclic Triaxial Test 
The cyclic triaxial test (CTX) was performed in an undrained and load-controlled 
mode after isotropic consolidation for soils retrieved from FHS, HWD, and SAM.  The 
cyclic triaxial testing unit is an ElDyn model manufactured by Global Dynamic Systems 
(GDS) Instruments, Limited in England and is shown in Figure 3.26.  It is a software-
driven system that includes a triaxial cell capable of providing a confining pressure up to 
1 MPa (20.9 kip/ft2), a digital processor for controlling cell pressure, and a digital 
processor for controlling back pressure.  The digital processors maintain pressure to 
within 1 kPa (20.9 lb/ft2).  The unit is equipped with an analog pore pressure transducer 
and an analog 10 kN (2248 lb) internal load cell.  The displacement is digitally-controlled 
through an encoder in a stepper motor and is controlled by the cyclic frequency.  The unit 
can attain a maximum displacement velocity of 4 mm (0.16 in.) per second. 
 A summary of the specimen depths, height, diameter, initial void ratio, initial and 
final moisture contents, and saturated and dry unit weights is provided in Tables 3.20, 
3.21, and 3.22 for FHS, HWD, and SAM, respectively.  The specimen depth is reported 
at the mid-height of a specimen with the mid-elevation based on the mid-depth.  The 
diameter of each sample was measured using a Pi tape that was accurate to 0.001 in. 
(0.025 mm) at the one-quarter, one-half, and three-quarter heights. The average of these 
three measurements is reported.  The height was measured using a ruler accurate to 0.02 
in. (0.5 mm) at three equally-spaced diametral points and the average of these three 
measurements is reported.  Specimens were weighed using an electronic scale with an 
accuracy of 0.01 grams. 
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The dry unit weight (γd) was determined from the dry weight of soil and the initial 
total volume of the specimen. 
Because the soils obtained by fixed piston sampling had been drained and frozen 
ex-situ, it was not possible to directly determine the saturated, initial total unit weight of a 
specimen.  The saturated total unit weight was determined using two methods: 1. given 
the initial total volume prior to the test, the dry weight of the specimen, and the volume 
of water that was expelled during consolidation, and 2. given the initial total volume, the 
specific gravity, the dry weight of the soil, and 100% saturation.  The initial moisture 
content (wi) was based on the saturated specimen.  The saturated unit weight and initial 
water content given in Tables 3.20, 3.21, and 3.22 are based on Method 1. 
 
3.5.2.1 Specimen Preparation and Installation 
 Specimen preparation is unique to the testing unit and the nature of the soil 
specimens.  The following is an outline for the preparation and installation of the soil 
specimen in the cyclic triaxial testing unit. 
1. an aluminum trimming mold that had been placed in the freezer was used to 
hold the frozen specimen while it was trimmed to a height of 6.0 to 6.5 in. 
(152 to 165 mm) and a length to diameter ratio of at least 2.0 using a sharp-
edged, straight steel bar; the dimensions are summarized in Tables 3.20, 3.21, 
and 3.22, 
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Figure 3.26.  Cyclic Triaxial Testing Unit, Pressure Control Processors, Signal 
Conditioner, and Bender Element Transducer Processor Manufactured by Global 
Dynamic Systems, Ltd. 
 
2. both ends of the specimen were slotted minimally to accommodate the shear 
wave bender element – both slots were parallel to each other to ensure that 
the lower and upper bender elements were aligned in the same plane for 
optimal shear wave reception. 
  
1
2
0 
Table 3.20.  Unit Weight and Dimensions of Cyclic Triaxial Test Specimens from Four Hole Swamp. 
 
 
Table 3.21.  Unit Weight and Dimensions of Cyclic Triaxial Test Specimens from Hollywood. 
 
w i H D
(lb/ft
3
) (kN/m
3
) (lb/ft
3
) (kN/m
3
) (%) (mm) (mm)
FHS-7.7 7.7 19.41 117.2 18.41 91.4 14.36 0.81 28.2 151.3 73.7 2.05
FHS-9.8 9.8 18.77 115.2 18.10 88.6 13.92 0.87 30.0 155.3 73.9 2.10
FHS-11.4 11.4 18.29 114.7 18.01 95.1 14.94 0.74 20.6 157.3 74.1 2.12
FHS-13.4 13.4 17.68 123.1 19.34 101.1 15.88 0.64 21.8 154.7 73.5 2.10
FHS-14.0 14.0 17.49 115.9 18.21 91.4 14.36 0.81 26.8 154.5 73.6 2.10
Mid-Elev.     
(m, MSL)
Mid-Depth 
(ft)
Specimen 
No.
H/D
γdγt
eo
w i H D
(lb/ft
3
) (kN/m
3
) (lb/ft
3
) (kN/m
3
) (%) (mm) (mm)
HWD-8.5 8.5 6.27 117.7 18.48 91.5 14.37 0.81 28.6 151.8 73.7 2.06
HWD-9.0 9.0 6.12 118.8 18.67 92.8 14.57 0.78 28.1 154.5 73.5 2.10
HWD-9.6 9.6 5.93 115.0 18.07 88.4 13.89 0.87 30.1 157.8 73.8 2.14
HWD-10.9 10.9 5.54 112.0 17.60 84.1 13.21 0.97 33.2 159.3 73.4 2.17
HWD-11.4 11.4 5.39 109.2 17.15 84.3 13.25 0.96 29.4 154.0 76.0 2.03
HWD-12.7 12.7 4.99 116.7 18.34 90.1 14.15 0.84 29.6 153.2 73.7 2.08
HWD-13.2 13.2 4.84 115.2 18.10 87.9 13.81 0.88 31.1 137.2 73.2 1.87
HWD-14.7 14.7 4.38 --- --- 74.4 11.69 1.22 --- 158.0 73.7 2.14
HWD-15.4 15.4 4.17 109.2 17.15 79.9 12.54 1.07 36.7 155.5 73.6 2.11
HWD-16.4 16.4 3.86 104.9 16.48 77.3 12.14 1.14 35.7 151.3 73.6 2.06
HWD-17.0 17.0 3.68 102.2 16.05 73.9 11.60 1.24 38.3 145.2 73.7 1.97
γd
H/Deo
Mid-Depth 
(ft)
Mid-Elev.     
(m, MSL)
Specimen 
No.
γt
  
1
2
1 
 
 
 
 
Table 3.22.  Unit Weight and Dimensions of Cyclic Triaxial Test Specimens from Sampit. 
w i H D
(lb/ft
3
) (kN/m
3
) (lb/ft
3
) (kN/m
3
) (%) (mm) (mm)
SAM-9.8 9.8 9.85 117.3 18.42 90.5 14.22 0.83 29.5 154.5 73.3 2.11
SAM-10.5 10.5 9.64 --- --- 91.7 14.41 0.80 --- 141.8 73.7 1.92
SAM-12.1 12.1 9.15 118.4 18.60 93.3 14.65 0.77 26.9 158.5 73.5 2.16
SAM-13.7 13.7 8.66 121.6 19.10 98.1 15.41 0.69 24.0 159.3 73.3 2.17
SAM-14.5 14.5 8.42 119.8 18.81 95.2 14.96 0.74 25.8 163.2 73.2 2.23
SAM-15.7 15.7 8.05 117.9 18.52 91.8 14.43 0.80 28.4 155.3 73.7 2.11
SAM-16.5 16.5 7.81 123.5 19.40 99.9 15.70 0.66 23.6 157.7 73.2 2.15
SAM-17.5 17.5 7.51 119.4 18.75 93.8 14.73 0.76 27.3 154.7 73.4 2.11
SAM-18.0 18.0 7.35 121.2 19.04 96.1 15.10 0.72 26.0 145.2 73.5 1.98
SAM-18.5 18.5 7.20 119.8 18.81 94.1 14.79 0.76 27.2 148.7 73.6 2.02
γd
H/D
Specimen 
No.
Mid-Depth 
(ft)
Mid-Elev.     
(m, MSL)
γt
eo
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3. a sintered bronze disk that was previously boiled in water to remove soil 
particles and air was placed on the base pedestal (the base pedestal contains 
the shear wave bender element and the compressive wave transducer) and the 
side of the pedestal was coated with silicone vacuum grease; the side of the 
top cap was coated with silicone grease at this time, 
4. the specimen was placed on the base pedestal of the triaxial unit, 
5. a split membrane stretcher that was specifically designed to accommodate the 
piezoelectric transducer electrical wire and top cap back pressure line, was 
outfitted with a latex, 0.012-in (0.30 mm) thick membrane and three O-rings 
for each of the top cap and base pedestal, 
6. a vacuum was applied at two ports – one for each half of the stretcher – and 
the stretcher was lowered over the specimen, the lower portion of the 
membrane was pulled over the base pedestal, the membrane massaged 
against the silicone grease, the O-rings rolled over the membrane and base 
pedestal, and the vacuum released from the stretcher, 
7. a sintered bronze disk was placed on top of the specimen and the top cap was 
placed with the bender element aligned with the previously cut slot, the 
membrane was rolled onto the top cap and massaged against the silicone 
grease,  the O-rings rolled over the membrane and side of the top cap, and the 
sides of the stretcher were separated and removed, 
8. the pore pressure line was attached to the base pedestal and a low vacuum 
(about 10 kPa, 209 lb/ft2) was applied through the pore pressure port, 
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9. the vacuum was monitored to assure there was no vacuum loss due to 
leakage through a seal or defect in the membrane, 
10. silicone grease was applied to the inside of a flexible plastic connector and 
slid onto the upper portion of the top cap – the connector joins the top cap 
with the load cell and prevents separation during cyclic loading (the 
assembly has been termed an extension cap), 
11. the cell was placed over the specimen and bolted to the cell base – the cell 
was then filled with tap water to within about 1 in. (25 mm) of the interior 
cell top, 
12. the bleed valve was closed, the cell was pressurized to 20 to 25 kPa (418 to 
522 lb/ft2) and the vacuum was then released from the back pressure port. 
 
3.5.2.2  Saturation 
Saturation of the soil occurred in two stages – primary saturation (PS) and back 
pressure saturation (BPS).  The procedure was as follows: 
1. a reservoir filled with de-aired tap water created a head pressure ranging from 
5.5 to 8.6 kPa (115 to 180 lb/ft2) at the bottom of the specimen, 
2. a T-connector was connected to the reservoir and two tubes, having been 
voided of air bubbles, delivered the de-aired water to two base ports that 
access the bottom of the specimen, 
3. water flowed by gravity to the specimen and exited through the back pressure 
drainage line at the top of the specimen – the reservoir was refilled as needed, 
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4. a minimum of 3 gal (approx. 19 L) was passed through the soil (note that the 
soil thawed within 3 hours), 
5. the back pressure control processor was filled with de-aired water, the tube 
voided of air, and the tube connected to the back pressure port, 
6. the shear wave and compressive wave velocities were measured using a stack 
of five velocity measurements and recorded, 
7. a back pressure saturation ramp was programmed to increase the cell and back 
pressures at a rate of about 2.0 and 1.8 kPa/min., respectively, with an 
effective stress of 35 kPa at the end of the saturation ramp; pore pressure 
equalization was monitored using the back pressure and pore pressure 
transducers, 
8. at the end of the back pressure saturation ramp, the shear wave and 
compressive wave velocities were measured, 
9. the B-value was measured using a cell pressure increment of 25 kPa, 
10. BPS was continued until the B-value was at least 0.95 (ASTM D 5311). 
 
Figure 3.27 illustrates the backpressure saturation ramp and B-value check stages 
and the fluid volume change during the stages for specimen FHS-14.0.  Initially, the 
effective confining pressure (σʹ3c) was about 25 kPa when the Stage 1 BPS was started.  
The σʹ3c was maintained at 35 kPa.  At the end of Stage 1, a B-value check (Stage 2) was 
performed.  Because the B-value was slightly too low, another BPS stage was used to 
slightly increase the B-value.  The Stage 4 B-value check was 0.97.  Because this was an 
acceptable value, the specimen was then ready for consolidation.  During BPS, the 
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backpressure volume increases (water is forced into the specimen) as shown in Figure 
3.27 as the air in the specimen became less in volume. 
 
3.5.2.3  Consolidation 
Isotropic consolidation of the soil was performed to increase the effective stress 
from 35 kPa during backpressure saturation to 100 kPa at the end of consolidation.  The 
effective confining stress of 100 kPa is based primarily on ASTM D 5311 and has been 
used in numerous studies such as those by Boulanger et al. (1998), Koester (1999), 
Amini and Sama (1999), Polito (1999), Thevanayagam et al. (2003), Carraro et al. 
(2003), Ishihara et al. (1980). 
The consolidation occurred in stages (Stages 5 through 9) as shown in Figure 3.27 
by increasing the cell pressure while maintaining a constant backpressure.  The cell 
pressure increments varied slightly, but were typically as follows: 5 kPa, 10 kPa, 20 kPa, 
and 30 kPa.  The increase in the cell pressure when checking the B-value after 
backpressure saturation was not reduced prior to consolidation.  This increase in cell 
pressure caused an increase in the effective confining pressure that was compensated for 
during specimen consolidation.  An example of the consolidation process with the change 
in fluid volume during each stage is shown in Figure 3.27.  Subsequent consolidation 
stages increased the σʹ3c) to 100 kPa.  As this occurred, the water within the specimen 
was expelled, which is shown in Figure 3.27 as a decrease in the backpressure volume.  
The shear wave and compression wave velocities were measured at the end of 
consolidation when the effective stress was equal to 100 kPa.  The end of consolidation 
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for each stage was defined at the point when a volume change of 5 mm3 or less occurred 
for a 5 minute period (GDS, 2010). 
 
3.5.2.4 Cyclic Loading 
 Cyclic loading of the soil was performed in a load-controlled mode and undrained 
condition.  The setup for the test is presented as follows: 
1. the load cell (with an attached cap) is mated to the suction cap using an 
automated software function for load-controlled docking (the specimen is then 
considered docked); the water being compressed between the two caps is 
expelled through a port that opens to the outside of the cell, 
2. a vacuum is applied to a line running from the exterior port to the suction cap  
– this assures the two caps will not separate during the extension phase of the 
cycle, 
3. the peak load amplitude (Pp) is related to the peak deviator stress (σdp) and the 
cross-sectional area (A) of the specimen as follows: 
    AσP dpp       (3-53) 
where the peak deviator stress (σdp) was found from the following relation 
between the effective confining pressure (σ′3c) and the cyclic stress ratio 
(CSR) (see Section 3.4.2.5) as follows: 
  
1
2
7 
 
Figure 3.27.  Backpressure Saturation, B-value Check, and Consolidation Stages and Backpressure Volume for 
Specimen FHS-14.0. 
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3c
dp
σ2
σ
CSR

     (3-54) 
The Pp value was entered into the software dialog box.  The CSR and σdp 
values are given in Tables 3.23, 3.24, and 3.25 for specimens from FHS, 
HWD, and SAM, respectively, 
4. a stiffness value (k, kN/mm) for the ElDyn system was chosen that sets the 
initial system response to the specimen – it was chosen in large part by the 
operator’s experience with the system and the soil being tested (GDS, 2010) – 
for this testing k ranged from about 0.7 to 0.9 kN/mm as summarized in 
Tables 3.23, 3.24, and 3.25, 
5. the target confining pressure was entered – in this testing it is the same 
pressure as that at the end of consolidation, 
6. the cyclic frequency was initially chosen as 1.0 Hz and later changed to 0.5 
Hz to accommodate equipment limitations due to a maximum displacement 
velocity of 4 mm/sec, which was also within the range of frequencies 
suggested in ASTM D 5311; this was also required to achieve a double- 
amplitude strain of 5% (liquefaction was defined to occur at a double-
amplitude strain of 5% by Tokimatsu and Uchida, 1990), 
7. the back pressure valve was closed at the cell, which helped to increase the 
response of the pore pressure transducer, 
8. the cyclic loading stage was then started.  
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Table 3.23.  Cyclic Triaxial Testing Parameters for Specimens 
from Four Hole Swamp. 
Specimen No. 
σ′3c 
(kPa) 
CSR 
σdp 
(kPa) 
k 
(kN/mm) 
f (Hz) 
FHS-7.7 100 0.160 32.0 0.8 0.5 
FHS-9.8 100 0.150 30.0 0.8 1.0 
FHS-11.4 100 0.150 30.0 1.0 1.0 
FHS-13.4 100 0.170 34.0 0.8 0.5 
FHS-14.0 100 0.175 35.0 0.9 1.0 
 
 
Table 3.24.  Cyclic Triaxial Testing Parameters for Specimens 
from Hollywood. 
Specimen No. 
σ′3c 
(kPa) 
CSR 
σdp 
(kPa) 
k 
(kN/mm) 
f (Hz) 
HWD-8.5 100 0.165 33.0 0.8 0.5 
HWD-9.0 100 0.225 45.0 0.8 0.5 
HWD-9.6 100 0.190 38.0 0.8 0.5 
HWD-10.9 100 0.150 30.0 0.8 1.0 
HWD-11.4 100 0.150 30.0 1.0 1.0 
HWD-12.7 100 0.220 44.0 0.8 0.5 
HWD-13.2 100 0.175 35.0 0.5 1.0 
HWD-15.4 100 0.200 40.0 0.7 1.0 
HWD-16.4 100 0.155 31.0 0.8 0.5 
HWD-17.0 100 0.190 38.0 0.8 0.5 
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Table 3.25.  Cyclic Triaxial Testing Parameters for Specimens 
from Sampit. 
Specimen No. 
σ′3c 
(kPa) 
CSR 
σdp 
(kPa) 
k 
(kN/mm) 
f (Hz) 
SAM-9.8 100 0.175 35.0 0.8 1.0 
SAM-12.1 100 0.200 40.0 0.8 1.0 
SAM-13.7 100 0.225 45.0 0.8 0.5 
SAM-14.5 100 0.185 37.0 0.8 0.5 
SAM-15.7 100 0.150 30.0 0.9 1.0 
SAM-16.5 100 0.150 30.0 0.8 1.0 
SAM-17.5 100 0.175 35.0 0.8 0.5 
SAM-18.0 100 0.215 43.0 0.8 0.5 
SAM-18.5 100 0.135 27.0 0.8 0.5 
 
3.5.2.5 Determination of Cyclic Stress Ratio 
The cyclic stress ratio (CSR) for CTX testing was determined using three 
methods: 1. the classic Seed formula (Seed, 1979), 2. relationships accounting for the age 
of the most recent site liquefaction (Andrus, 2008 inclusive of Seed 1979; Arango et al. 
2000; Lewis et al. 2004; and Andrus et al. 2004), and 3. the age-related relationships 
developed by Leon et al. (2006).  These are discussed in detail herein. 
 
3.5.2.5.1  Method 1 (Seed et al. 2003) 
The estimated CSR values for the CTX test were determined based on the equation by 
Seed et al. (2003) from Eqn. 3-15: 
 d
v
vmax r
σ
σ
g
a
65.0CSR 












    (3-55) 
where: amax = peak horizontal ground surface acceleration  
  g = acceleration of gravity 
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    σv = total vertical stress 
    σ′v = effective vertical stress 
    rd = modal mass participation factor 
 
The modal mass participation factor (rd) is obtained from Figure 3.28.  The 
second term of Eqn. 3.15 was obtained from Figure 3.29.  The figure was developed by 
the United States Geological Survey National Environmental Hazards Research Program 
(2008). 
Values used in determining the CSR are given in Table 3.26.  The CSR ranges 
from 0.32 to 0.68 for the depths of liquefiable soil at the research sites. 
 
Table 3.26.  Values for Determining the Cyclic Stress Ratio at Research Sites Using 
Method 1 of Seed (1979, 2003) with Accelerations from the United States Geological 
Survey (2008). 
Site 
Liquefiable 
Depth Range (m) 
rd 
v
v
σ
σ

 
g
a max   CSR 
FHS 2.13 to 4.79 0.98 to 0.88 1.00 to 1.48 0.70 0.45 to 0.60 
HWD 2.38 to 6.55 0.96 to 0.84 0.86 to 1.54 0.85 0.46 to 0.72 
SAM 1.83 to 6.83 0.97 to 0.83 1.00 to 1.50 0.52 0.33 to 0.42 
 
3.5.2.5.2  Method 2 by Andrus (2008) 
Method 2 for calculating the CSR for the CTX uses the following relationship for 
CRR as suggested by Andrus (2008) (also see Idriss and Boulanger, 2008): 
   
 
tx
field0
cfield CSR
3
K21
rCRR 




 
    (3-56) 
where: CSRtx = cyclic stress ratio from cyclic triaxial test 
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   CRRfield = cyclic resistance ratio from field condition 
K0 = at-rest earth pressure coefficient (0.5 for saturated, normally 
consolidated sand) 
   rc = reduction coefficient for unidirectional cyclic loading (= 0.9) 
 
 
Figure 3.28.  Variation of Modal Mass Participation Factor (depth correction, rd) 
with Depth (after Seed et al., 2003). 
 
 When unidirectional cyclic tests are performed to estimate the CRR, a 10% 
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dimensional motion during the one-dimensional CTX test, a reduction coefficient (rc) of 
0.90 was applied to CSRtx. 
 
Figure 3.29.  Peak Ground Acceleration Map of South Carolina for a 2% 
Probability of Exceedance in 50 years (after United States Geological Survey, 
2008). 
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and noting that: 
3c
dp
tx
σ2
σ
CSR

      (3-58) 
 
 
where:  σdp = cyclic peak deviator stress 
    σʹ3c = effective confining pressure 
Substituting Eqn. 3-19 into Eqn. 3-18 and solving for the cyclic peak deviator stress 
results in: 
     3c
c
0
field
dp σ2
r
3
K21
CRR
σ 


     (3-59) 
For the following values: rc = 0.9 
K0 = 0.5 
σ′3c = 100 kPa 
  then:  σdp = 332·CRRfield 
For an aged soil versus a young soil, the following relationship exists (adapted 
from Seed 1979, Arango et al. 2000, Lewis et al. 2004, and Andrus et al. 2004): 
youngDRaged CSRKCSR      (3-60) 
CSRyoung = cyclic resistance ratio of young soil deposit 
CSRaged = cyclic resistance ratio of aged soil deposit 
KDR = age influence coefficient 
    KDR = 0.17·log10 (t) + 0.83  (Hayati et al., 2008) 
 and   σdp = 332·KDR·CRRyoung 
assuming CSRyoung = 0.15 to 0.35  (Andrus, 2008) 
the estimated σdp is: σdp = (49.8 to 116.2)·KDR 
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This method requires knowing the age of the last disturbance the soil has 
experienced, which is taken as the age (t) of the sand blow.  The ages of the sand blows 
are given in Table 3.27 with values of KDR, σdp, and the CSR. 
 
Table 3.27.  Values for Determining the CSR at Research Sites Using Method 2 Derived 
from Seed (1979), Arango et al. (2000), Lewis et al. (2004), and Andrus et al. (2004). 
Site 
Liquefiable 
Depth Range (m) 
Sandblow 
Age (yrs) 
KDR σdp (kPa) CSR 
FHS 2.13 to 4.79 1660 1.37 68.9 0.34 
HWD 2.38 to 6.55 467 to 4185 1.28 to 1.45 64.2 to 72.3 0.32 to 0.36 
SAM 1.83 to 6.83 521 to 2471 1.29 to 1.41 64.6 to 70.3 0.32 to 0.35 
 
3.5.2.5.3  Method 3 by Leon et al. (2003) 
 A third method for determining a starting point for the CSR utilized the 
relationships developed by Leon et al. (2006) between CRR and qc1 and N1,60 and noting 
that at a factor of safety of one the CRR is equal to the CSR.  The average value of qc1 or 
(N1)60 was used for the liquefiable soil as listed in Table 3.28.  The values were then 
applied to Figures 3.30 or 3.31, depending on the method of measuring penetration 
resistance, and the CRR was determined from the curves of varying soil ages. 
 
Table 3.28.  Values for Determining the Cyclic Stress Ratio Using the Method of 
Leon et al. (2006). 
Site 
Depth 
Range 
Sandblow 
Age 
qc1(avg) 
CSRqc1 (N1)60(avg) CSR(N1)60 
(m) (yrs) (MPa) 
FHS 2.13 to 4.79 1660 3.7 0.21 7 0.15 
HWD 2.38 to 6.55 467 to 4185 5.2 0.21 13 0.22 
SAM 1.83 to 6.83 521 to 2471 9.6 0.24 17 0.28 
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3.5.2.5.3  Summary of Methods 
The CSR that was initially chosen for the cyclic triaxial tests was based on 
Method 2 by Andrus (2008).  However, the range of CSR values was broad, the CSR was 
over-estimated, and the stiffness value was too high.  Subsequently, it was found that 
Method 3 by Leon et al. (2003) estimated more accurate and consistent CSR values, 
which is discussed in the Results chapter. 
 
3.5.2.6  Post-testing Procedures 
After the specimen had been tested the cell pressure was decreased to zero in 
stages, the bleed valve at the top of the cell was opened, and the cell drainage valve was 
opened to drain the water from the cell.  All connections to the cell were removed and the 
cell top was unbolted to expose the specimen.  The membrane was cut at the top and 
bottom next to the drainage disks and the specimen was removed.  The membrane was 
cut longitudinally and the exposed specimen was sliced longitudinally to examine and 
photograph the interior of the specimen.  All soil was collected and placed into a 
previously weighed glass beaker, which was weighed and placed in a low temperature 
oven (49°C, 120°F) for slow drying.  A representative soil sample of about 50 grams was 
taken from the larger mass and dried at 110°C (230°F).  The unit was cleaned and 
prepared for the next test and the work area was cleaned.  From the weights, the dry and 
total unit weights and moisture content were determined for the specimens as 
summarized in Tables 3.11, 3.12, and 3.13 for FHS, HWD, and SAM, respectively. 
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3.5.2.7  Data from Cyclic Triaxial Test 
The basic data obtained from the CTX tests included the applied deviator stress (σdp), 
excess pore pressure (ue), and axial strain εa as a function of the number of loading cycles 
(N).  Figure 3.32 shows the results of a cyclic test on the specimen HWD-11.4.  The 
excess pore pressure was expressed in terms of the pore pressure ratio (ru) defined as 
ue/σ′3c. 
 
 
Figure 3.30.  Cyclic Resistance Ratio as Determined from qc1 for Sand blows not 
Exceeding 5038 Years (after Leon et al., 2006). 
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From this data, the number of cycles required to reach initial liquefaction (Nl) 
defined at the point where the excess pore pressure (ue) was equal to the effective 
confining pressure (σ′3c), the number of cycles required to attain a double amplitude 
strain of 2.5% (N2.5DA) and 5.0% (N5DA), and the number of cycles required to reach 
initial liquefaction defined at the point when the pore pressure ratio is equal to 1.0 were 
determined. 
 
 
Figure 3.31.  Cyclic Resistance Ratio as Determined from (N1)60 for Sandblows not 
Exceeding 5038 Years (after Leon et al., 2006). 
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3.5.2.8  Shear Wave and Compression Wave Velocities 
Shear wave velocity measured using the bender elements (Vs,BE) and compression 
wave velocity measured using the compression transducers (Vp,CT) were determined 
using piezoelectric transducers (bender elements and ultrasonic transducers, respectively, 
manufactured by GDS).  A schematic of the system is shown in Figure 3.33. 
A sinusoidal voltage signal was applied to the transmitting transducers causing a 
vibration that propagated through the soil and was received by a similar transducer at the 
opposite end of the specimen.  The received signal causes movement of the transducers at 
the opposite end of the specimen, which is converted to a voltage.  The voltage was 
measured and the arrival time was compared to the time the signal was generated.  For 
the compressive wave velocity, the travel distance of the wave is the height of the 
specimen.  For the shear wave velocity, the travel distance is measured between the tips 
of the bender elements (Lee and Santamarina, 2005).  The wave velocity was calculated 
by dividing the distance by travel time of the signal. 
The Vs,BE and Vp,CT were measured at the end of three stages – primary saturation, 
back pressure saturation, and consolidation.  The measurement at the end of primary 
saturation at an effective confining pressure of 25 kPa was taken as an indicator of soil 
disturbance that had occurred during sampling and freezing. 
Comparing the Vs,BE to the SCPT-derived in situ shear wave velocity (Vs,fld) is an 
indicator of soil disturbance (D’Elia and Lanzo, 1996).  The shear wave velocity 
measured using the SCPT should be approximately equal to the shear wave velocity 
measured by the bender elements (Vs,BE) for soil that has experienced little or no 
disturbance. 
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The Vp,CT was used as an indicator of saturation and B-value.  An increase in the 
compression wave velocity is indicative of an increase in saturation and B-value (Kumar 
and Madhusudhan, 2011; Bardet and Sayed, 1993; Naesgaard et al., 2007; Elliott and 
Wiley, 1975; Tsukamoto et al., 2002).  
Vs,BE and Vp,CT measured at the end of back pressure saturation at an effective 
confining pressure of 35 kPa were taken as indicators of the effect of the increased 
effective confining pressure and the saturation and B-value.  The Vp,CT measured at the 
end of consolidation at an effective confining pressure of 100 kPa was taken as an 
indicator of the higher effective confinement and the saturation and B-value.  The arrival 
time of the shear wave can be chosen based on four time points as has been discussed by 
Brignoli et al., 1996; Chan, 2011, Leong et al., 2005; Viggianii and Atkinson, 1995, and 
Lee and Santamarina, 2005.   
Figure 3.34 shows an example of the shear wave signal as received from traveling 
through CTX specimen HWD-12.7 at the end of consolidation with four points marked 
as:  A – first deflection, B – first maximum deflection, C – zero after first maximum, and 
D – first major peak (Lee and Santamarina, 2005).  The four points indicate the times at 
which various parts of the signal arrive at the receiver.  Because system and signal noise 
has the effect of degrading the signal definition, five signals were stacked and the 
velocity was then determined from the time versus voltage output.  The software supplied 
with the GDS testing system automatically calculated the shear wave velocity depending 
on the chosen point – in this case at the point of first maximum deflection.  The velocity 
at this point was 207 m/sec (679 ft/sec).  The fundamental calculation was as follows: 
   
Δt
L
V
tip
BEs,        (3-61) 
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where: Vs,BE = shear wave velocity determined from bender 
elements 
Ltip = length of specimen between tips of bender elements 
Δt  = time difference between time of signal transmission 
and time of signal arrival 
 
The compression wave velocity is calculated using the point of first arrival as 
shown in Figure 3.35.  Based on studies by Chan (2011) and Brignoli et al. (1996), the 
first arrival was chosen at the first maximum deflection, which yielded a velocity of 1665 
m/sec (5463 ft/sec).  Because system and signal noise has the effect of degrading the 
signal definition, the signal was filtered by stacking five velocity tests.  The velocity was 
then determined from the time versus voltage output.  The calculation of the compression 
wave velocity was performed by the software supplied with the GDS testing system.  The 
basic calculation was as follows: 
    
Δt
L
V sCTp,        (3-62) 
where: Vp,CT = compression wave velocity using compression 
transducers 
Ls = length of specimen between compression transducers 
Δt = time difference between time of signal transmission 
and time of signal arrival 
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Figure 3.32.  Pore Pressure Ratio, Axial Strain, and Cyclic Deviator Stress from Test 
of HWD-11.4. 
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Figure 3.33.  Schematic of Bender Element and Compression Wave Transducers. 
 
3.6  Microscopy 
The mineralogy, morphology, and microtexture of the soils were determined 
using petrographic optical microscopy (PET) and scanning electron microscopy (SEM).  
PET was performed by Applied Petrographic Services, Inc., (APS) of Greensburg, 
Silicone seal 
Bender element 
Compression transducer 
Lower platen assembly 
(pedestal) 
Upper or lower platen 
Upper platen assembly 
(top cap) 
Sintered bronze 
porous disk 
Inbound compression wave 
signal.  Outbound bender 
element signal. 
Outbound compression wave 
signal.  Inbound bender element 
signal. 
Soil specimen 
Bender element 
sine wave 
Signal generation and signal 
processing 
 144 
Pennsylvania.  SEM was performed at the Electron Probe Microanalysis Facility in the 
Department of Geological Sciences at the University of South Carolina. 
The soil for the PET thin sections was obtained from portions of the frozen soil 
cores.  Two vertically-oriented samples were obtained from each of the FHS, HWD, and 
SAM cores adjacent to CTX specimens for SEM analyses.  Each sample was cut and 
trimmed from the frozen soil using a rotary dry diamond blade to a size of about 1.5 in. 
(38 mm) wide, 2.5 in. (64 mm) long and 0.5-in. (13 mm) thick.  The specimens were 
wrapped, labeled, packed in dry ice, and shipped to APS.  APS used methods of 
preparation and state-of-the practice procedures as presented by Jana (2006), which 
included epoxy impregnation in a vacuum, sectioning, grinding, mounting to a glass 
slide, precision sectioning, and precision grinding to a thickness of 30 microns with a 
finished width of 1 in. (25 mm) and a length of 1.5 in. (38 mm). 
For the SEM analyses, two cube specimens of about 10 mm (0.4 in.) were taken 
from soil adjacent to the PET specimens.  These underwent thawing, were air dried, 
impregnated with cycanoacrylate cement, and then examined at the Microscopy Center at 
the University of South Carolina.  The specimens were sputter-coated with gold to 
increase surface conductivity prior to scanning.  The depths of specimens and the tests 
performed are given in Table 3.29. 
The PET thin section analyses were performed by APS using a Nikon Labophot 2 
Pol optical polarizing microscope equipped with a Jenoptik digital camera with Image 
Pro image capture and analysis software. 
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Figure 3.34.  Transmitter and Receiver Signals for Determining the Shear Wave Velocity. 
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Figure 3.35.  Transmitter and Receiver Signals for Determining Compression Wave Velocity using First Arrival Time.
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The PET analysis included the identification of non-opaque, dominant minerals greater 
than clay-size and their proportional quantities; minimum, maximum, and mean grain 
size; grain shape and angularity, crystallinity, and sorting.   
 
Table 3.29.  Specimens for Petrographic and Scanning Electron 
Microscopy. 
Site 
Depth Petrographic 
Microscopy 
Scanning Electron 
Microscopy (ft) (m) 
FHS 
9.3 2.8 FHS-PET-9.3 FHS-SEM-9.3 
11.7 3.6 FHS-PET-11.7 FHS-SEM-11.7 
HWD 
10.5 3.2 HWD-PET-10.5 HWD-SEM-10.5 
15.0 4.6 HWD-PET-15.0 HWD-SEM-15.0 
SAM 
12.5 3.8 SAM-PET-12.5 SAM-SEM-12.5 
16.1 4.9 SAM-PET-16.1 SAM-SEM-16.1 
 
Photomicrographs were taken at three different locations for each specimen in 
plane-polarized and cross-polarized light.Each mineral has unique optical properties that 
are controlled by crystallographic structure and element content.  The optical 
petrographic microscope is capable of determining the light-transmitting qualities of 
minerals by providing information on absorption color and optical path boundaries 
between minerals of differing refractive indices. The plane-polarized light images show 
minerals that are transparent or translucent, which is one identification property of a 
mineral.  The minerals capable of transmitting light included quartz, mica, feldspar, clay 
minerals, and organic matter.  Non-light transmitting minerals are opaque and included 
heavy, iron-based minerals.  Cross-polarized light is an additional diagnostic method 
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used to identify a mineral, particularly the way in which it disperses and changes the 
direction of the light. 
The SEM unit used was a FEI Quanta 200 environmental scanning electron 
microscope and was used to view and characterize the grain morphology of the soils, 
which included shape, angularity, surface features and texture, inter-grain contact, and 
fabric.  The spatial resolution of this unit ranges from 5 nanometers (nm) at 1 kilo-
electron volt (kV) to 2 nm at 30 kV.  The results of the SEM analysis were used to show 
the structure of the soil, the distribution and size of voids, and to characterize the soil 
grains as to shape, angularity, and texture.  The capabilities of each analytical method are 
listed in Table 3.30. 
 
Table 3.30.  Capabilities of SEM and PET Analyses. 
Category SEM PET 
mineral types (interpreted) X  
grain texture X  
grain boundaries (dimensional) X  
grain morphology (dimensional) X  
small minerals X  
clay types X  
grain intergrowth X X 
fabric (structure) X X 
grain boundaries (flat)  X 
grain morphology (flat)  X 
mineral types (definitive)  partial 
mineral quantity  partial 
classification  X 
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3.7  Summary 
The exploration methods and field tests employed at the research sites to 
characterize the subsurface and to determine soil properties included the CPT, SCPT, and 
SPT and provided for the retrieval of soil samples using a piston tube sampler and 
vibracore sampler.  A method for ex situ soil freezing was developed and used to reduce 
disturbance of the fixed piston tube samples during transportation and loading into the 
triaxial cell.  A GPS survey was performed at each site to get accurate location and 
elevation information at the field exploration and testing points. 
Laboratory tests were performed to describe and characterize discrete soil 
specimens, which included visual-manual description, Atterberg limits, grain size 
distribution using sieve and hydrometer, classification using the Unified Soil 
Classification System, and relative density. 
The procedures for performing specimen freezing, specimen preparation, primary 
and backpressure saturation, consolidation, and cyclic loading were described in detail.  
Bender elements were used to obtain the shear wave velocity in the specimens, which 
was used to assess sample quality by comparing the shear wave velocity with the in situ 
shear wave velocity measured using the SCPT.  Compression wave transducers were 
used to determine the compression wave velocity, which was used as an indicator of 
specimen saturation. 
Petrographic techniques and scanning electron microscopy were used to show the 
morphological features of the soil grains, which included the distribution and size of void 
space, shape, angularity, and surface texture, fabric, and mineralogical identification of 
grains, grain coatings, and intergranular materials.  
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4.  
Chapter 4 
Results of Field and Laboratory Testing 
 
4.1 Introduction 
 Results from the field testing include those from the CPT and SCPT at Fort 
Dorchester (FD), Four Hole Swamp (FHS), Gapway (GAP), Hollywood (HWD), and 
Sampit (SAM) and SPTE at FHS, HWD, and SAM.  Results from laboratory testing 
includes index testing that was performed on soils obtained from all sites except Gapway 
and with the addition of Ten Mile Hill (TMH) Sites A and B that were investigated in 
1998.  The tests included visual-manual identification, Atterberg limits, specific gravity, 
grain size analysis using the hydrometer and sieve, and soil classification.  Cyclic triaxial 
tests were performed on piston tube soil samples retrieved from the liquefiable source 
sands at Four Hole Swamp, Hollywood, and Sampit.  The tube samples were frozen ex 
situ at each site after draining for at least 24 hours and the expansion/contraction of the 
soil during the freezing process was monitored.  Microscopic examination of soils from 
Fort Dorchester, Four Hole Swamp, Hollywood, and Sampit were performed using two 
methods of microscopy.  Optical petrographic microscopy was used to identify and 
quantify the major mineral constituents and describe the grain morphology and soil 
fabric.  Scanning electron microscopy was used to examine the grain characteristics, 
intergranular contacts, soil fabric, and grain surface features at magnifications up to 
6000x. 
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4.2 Field Testing 
4.2.1 Fort Dorchester 
The field testing results from Fort Dorchester show soil layers consisting of sand, 
silty sand, clay, and clayey sand.  Figure 4.1 illustrates the interpretation of soil layers 
using FD-SCPT-1.  Soil profiles interpreted from the CPT and vibracore information are 
presented in Figures 4.2 and 4.3.  The profile shown in Figure 4.2 was developed along 
the north-northwest south-southeast alignment as shown in Figure 3.14.  The profile in 
Figure 4.3 was developed along the northeast-southwest alignment shown in Figure 3.14.  
The corrected tip stress (qt) and friction ratio (Rf) were used to delineate and identify the 
soil layers.  Throughout the site the liquefiable source soil consists of sand and silty sand 
ranging from 0.9 to 3.0 m thick, which is overlain by 1.6 to 3.3 m of clayey sand or sandy 
clay.  The source soil is underlain by layers of sand, silty sand, sandy silt, sandy clay, and 
clay lenses.  At all points the source soil lies above the water table and is not saturated, 
which affects the values of the CPT measurements.  The ground surface elevation ranged 
from 3.25 to 8.40 m (MSL) for the range of test locations.  About one month after the 
CPTs were performed (December 2007) the watertable was approximately 5.3 m below 
level ground surface as measured in the piezometer installed in FD-CPT-7A (FD-PZ).  
Other CPT locations had estimated watertable depths ranging from 2.2 to 5.4 ft below 
ground surface.  The source sand was not present in FD-SCPT-6.  Appendix A contains 
plots of the eight CPTs/SCPTs performed at the site.  Table 4.1 presents the depth and 
thickness of the source soil layer at the CPT and vibracore locations in addition to the 
ground surface elevation and estimated watertable depths at each location. 
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4.2.2  Four Hole Swamp 
The field testing results from Four Hole Swamp show a clayey sand layer 
overlying the liquefiable source soil, which consists of sand and silty sand.  This is 
underlain by a layer of sandy clay to clayey sand, which is underlain by silty sand. 
Figure 4.4 illustrates the interpretation of soil layers using FD-SCPT-1.  The north-south 
soil profile interpreted from the SCPTs is presented in Figure 4.5.  Figure 4.6 shows the 
corrected and normalized blow count distribution of FHS-SPTE-1 and FHS-SPTE-2 and 
the sample borehole (FHS-BH) near FHS-SCPT-1.  FHS-PZ is shown as it was installed 
in FHS-SCPT-1.  The watertable elevations are shown as they stood in January 2008 and 
in April 2010.  The corrected tip stress (qt) and friction ratio (Rf) were used to delineate 
and identify the soil layers.  The liquefiable source soil consists of sand and silty sand 
ranging from about 1.9 to 2.5 m thick, which is overlain by about 1.5 to 2.3 m of clayey 
sand. 
The source soil is underlain by layers of sandy clay and silty sand.  Dependent on 
the season, the source sand may not be completely saturated, which affects the values of 
the CPT measurements.  The ground surface elevation ranged from 21.2 to 22.1 m (MSL) 
for the range of test locations.  The watertable was approximately 2.1 m below ground 
surface as measured in the piezometer installed in FHS-SCPT-1 one month after the 
SCPTs were performed.  
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 Figure 4.1.  Cone Penetration Test Results from Fort Dorchester FD-SCPT-1. 
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 Figure 4.2.  Soil Profile along the Northeast-Southwest Alignment at Fort Dorchester Based on CPT and Vibracore Data. 
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Figure 4.3.  Soil Profile along North-northwest South-southeast Alignment at Fort Dorchester Based on 
CPT and Vibracore Data. 
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Table 4.1.  Depth and Thickness of Liquefiable Source Sand at Fort Dorchester Testing 
Locations. 
Exploration 
No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range 
(m) 
Source Sand 
Thickness 
(m) 
FD-SCPT-1 8.40 5.2 2.49 to 4.89 2.40 
FD-SCPT-2 8.04 5.2 2.46 to 4.39 1.93 
FD-SCPT-3 7.59 5.4 1.62 to 4.57 2.95 
FD-CPT-4 7.09 4.9 3.33 to 4.69 1.36 
FD-SCPT-5 7.50 3.4 2.42 to 3.31 0.89 
FD-SCPT-6 3.25 2.2 not present 0 
FD-CPT-7A 8.00 5.33 2.40 to 4.00 1.60 
FD-SCPT-7B 8.00 5.3 (1) 2.55 to 4.22 1.67 
FD-VC-1 8.04 - 2.44 to 4.27 1.83 
FD-VC-2 8.31 - 2.29 to 4.57 2.28 
FD-VC-3 7.59 - 1.68 to 4.72 3.04 
FD-PZ 8.00 5.33 (01/2008) - - 
(1) based on adjacent FD-PZ measurement 
 
At the time the SPTEs were performed (April 2010), the watertable was about 1.6 
m below ground surface in FHS-PZ.  Appendix A contains plots of the three SCPTs 
performed at the site.  Table 4.2 presents the depth and thickness of the source soil layer 
at the SCPT and SPTE-1 locations, the ground surface elevations, and watertable depths 
in January 2008 and April 2010 in FHS-PZ. 
The energy transfer ratios (ETR) determined from energy measurements are 
plotted in Figure 4.7 for the SPT performed at FHS-SPTE-1.  The range of values and 
average value for each 6-inch (15.2 cm) interval is plotted with the mid-interval depth.   
Figure 4.8 shows the distribution of blow counts with depth for the N, N60, and 
(N1)60 values.  
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Table 4.2.  Depth and Thickness of Liquefiable Source Sand at Four Hole Swamp 
Testing Locations. 
Exploration No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range 
(m) 
Source Sand 
Thickness 
(m) 
FHS-SCPT-1 21.20 
2.1 
(12/2007) 
2.1 to 4.01 (3) 1.9 (3) 
FHS-SCPT-2 22.06 2.19 to 4.71 2.52 
FHS-SCPT-3 21.38 2.10 to 3.98 1.88 
FHS-SPTE-1 21.87 1.6 
(04/2010) (1) 
2.29 to 4.60 (2) 2.31 
FHS-SPTE-2 22.00 - - 
(1) based on adjacent FHS-PZ measurement. 
(2) based on laboratory index tests. 
(3) saturated zone only. 
 
The energy transfer ratios (ETR) determined from energy measurements are 
plotted in Figure 4.9 for the SPT performed at FHS-SPTE-2.  The range of values and 
average value for each 6-inch (15.2 cm) interval is plotted with the mid-interval depth.  
Figure 4.10 shows the distribution of blow counts with depth for the N, N60, and (N1)60 
values.   
The corrected and normalized blow count ((N1)60) is compared in Figure 4.11 for 
SPTE-1 and SPTE-2.  There was a separation distance of 2.7 m between the locations.  
The blow count trends are parallel. 
A comparison between the corrected tip stress (qt) from FHS-SCPT-1 and the 
blow count values N, N60, and (N1)60 from FHS-SPTE-1 is shown in Figure 4.12.  Blow 
count values show a strong trend with the qt values.  The test locations were 5.5 m apart.  
Similarly, the blow count values from FHS-SPTE-2 show a trend with the qt values from 
FHS-SCPT-1 as shown in Figure 4.13.  The test locations were 8.2 m apart.  
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4.2.3  Gapway 
The field test results from Gapway show a clayey sand and silty sand overlying 
the liquefiable source soil, which consists of sand.  This is underlain by a layer of silty 
clay, which is underlain by sand and silty sand, clayey sand and sandy clay, and sandy 
silt.  Figure 4.14 illustrates the interpretation of soil layers using GAP-SCPT-1.  The 
profile interpreted from the SCPTs is presented in Figure 4.15.  The watertable elevation 
is shown as it was estimated from the water level in an adjacent drainage ditch in July 
2008 near GAP-SCPT-2. 
The corrected tip stress (qt) and friction ratio (Rf) were used to delineate and 
identify the soil layers.  The liquefiable source soil consists of sand ranging from about 
0.7 to 1.4 m thick, which is overlain by about 1.1 to 1.5 m of clayey sand and silty sand.  
The source soil is underlain by layers of sandy clay and silty sand.  Dependent on the 
season, the source sand may not be completely saturated.  The ground surface elevation 
ranged from 4.3 to 4.4 m (MSL) for the range of test locations.  Appendix A contains 
plots of the three SCPTs performed at the site.  Table 4.3 presents the depth and thickness 
of the source soil layer at the SCPT locations, the ground surface elevations, and the 
watertable depth in 2008.  Source sand depths and thicknesses agree with those 
determined by Hu et al. (2002a) as given in Table 4.4. 
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Figure 4.4.  Cone Penetration Test Results from Four Hole Swamp FHS-SCPT-1. 
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 Figure 4.5.  Soil Profile at Four Hole Swamp Based on SCPT Data. 
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Figure 4.6.  Local Detail of Soil Exploration at Four Hole Swamp Adjacent to SCPT-1. 
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Figure 4.7.  Energy Transfer Ratios for SPT Intervals of 
FHS-SPTE-1. 
 
4.2.4 Hollywood 
The field testing results from Hollywood show soil layers consisting of sand, silty sand, 
and clayey sand.  Figure 4.16 illustrates the interpretation of soil layers using HWD-CPT-
4.  The soil profile interpreted from HWD-CPT-4, 5, and 6 is presented in Figure 4.17.   
The corrected tip stress (qt) and friction ratio (Rf) were used to delineate and 
identify the soil layers.  Figure 4.18 shows the corrected and normalized blow count 
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distribution of HWD-SPTE-1 and HWD-SPTE-2 and the sample borehole (HWD-BH) 
near HWD-CPT-4 and the piezometer HWD-PZ.  The watertable elevations are shown as 
they stood in July 2007 when the CPTs were performed and in April 2010 when the 
SPTEs and BH were performed.  Three SCPTs (HWD-SCPT-1, 2, and 3) were performed 
along a separate east-west alignment.  The individual profiles are shown in Appendix A. 
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Figure 4.8.  SPT N, N60, and (N1)60 Blow Counts from FHS-
SPTE-1. 
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The upper 4.0 to 4.3 m of soil is interpreted as silty sand and is considered 
liquefiable below the watertable.  The silty sand is underlain by soil that consists of 
interlayered clayey sand and silty sand, which is underlain by a layer that exhibits 
interlayered and lateral changes in soil type – sand, silty sand, and clayey sand.  The 
deepest soil is sandy silty.  The ground surface elevation ranged from 8.2 to 8.9 m (MSL) 
for the range of test locations.  The watertable was approximately 2.1 m below ground 
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
0 10 20 30 40 50 60 70 80 90 100
Energy Transfer Ratio (%)
D
ep
th
 a
t 
M
id
d
le
 o
f 
6
-i
n
ch
 I
n
te
rv
al
 (
m
)
values for 6-inch (15.2 cm) interval
average per 6-inch (15.2 cm) interval
Figure 4.9.  Energy Transfer Ratios for SPT Intervals of FHS-
SPTE-2. 
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surface as determined from the pore pressure measurements from the CPTs.  At the time 
the SPTEs were performed (April 2010), the watertable was about 1.7 m below ground 
surface in HWD-PZ.  Table 4.5 presents the depth and thickness of the source soil layer 
at the SCPT, CPT, and SPTE-1 locations, the ground surface elevations, and watertable 
depths in July 2007, July 2008, and April 2010. 
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Figure 4.10.  SPT N, N60, and (N1)60 Blow Counts from 
FHS-SPTE-2. 
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The energy transfer ratios (ETR) determined from energy measurements are 
plotted in Figure 4.19 for the SPT performed at HWD-SPTE-1.  The range of values and 
average value for each 6-inch (15.2 cm) interval is plotted with the mid-interval depth.  
The distribution of N, N60, and (N1)60 with depth for SPTE-1 is shown in Figure 4.20. 
The energy transfer ratios (ETR) determined from energy measurements are 
plotted in Figure 4.21 for the SPT performed at HWD-SPTE-2.  The range of values and 
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Figure 4.11.  SPT (N1)60 Comparison for FHS-SPTE-1 and 
FHS-SPTE-2 with a Separation Distance of 2.7 m. 
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average value for each 6-inch (15.2 cm) interval is plotted with the mid-interval depth.  
The distribution of N, N60, and (N1)60 with depth is given in Figure 4.22. 
The corrected and normalized blow count ((N1)60) is compared in Figure 4.23 for 
SPTE-1 and SPTE-2.  There was a separation distance of 2.7 m between the locations.  
The blow count trends are parallel. 
 
 
Figure 4.12.  SPT Blow Count from FHS-SPTE-1 and qt 
from FHS-SCPT-1. 
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A comparison between the corrected tip stress (qt) from HWD-CPT-4 and the 
blow count values N, N60, and (N1)60 from HWD-SPTE-1 is shown in Figure 4.24.  Blow 
count values show a trend with the qt values.  The test locations were 5.5 m apart.  
Similarly, the blow count values from HWD-SPTE-2 show a trend with the qt values 
from HWD-CPT-4 as shown in Figure 4.25.  The test locations were 8.2 m apart. 
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Figure 4.13.  SPT Blow Count from FHS-SPTE-2 and qt 
from FHS-SCPT-1. 
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Figure 4.14.  Cone Penetration Test Results from Gapway GAP-SCPT-1. 
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Figure 4.15.  Soil Profile at Gapway Based on SCPT Data. 
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Table 4.3.  Depth of Liquefiable Source Sand at Testing Locations at Gapway. 
Exploration No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range (1) 
(m) 
Source Sand 
Thickness (1) 
(m) 
GAP-SCPT-1 4.34 2.1 (07/2007) 1.13 to 2.35 1.22 
GAP-SCPT-2 4.26 2.3 (07/2007) 1.15 to 2.58 1.43 
GAP-SCPT-3 4.39 2.3 (07/2007) 1.47 to 2.20 0.73 
(1) not adjusted for watertable depth. 
 
Table 4.4.  Depth of Liquefiable Source Sand at Gapway as Determined by Hu et al. 
(2002a). 
Exploration No. 
Ground Surface 
Elevation (1) 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range 
(m) 
Source Sand 
Thickness 
(m) 
GAP-01 3.9 
2.1 
1.22 to 1.88 0.66 
GAP-02 4.2 1.53 to 2.36 0.83 
GAP-03 4.4 1.23 to 2.15 0.92 
GAP-04 4.3 1.14 to 2.20 1.06 
GAP-05 4.4 1.25 to 2.44 1.19 
(1)
 based on interpolated elevation measurements. 
 
Table 4.5.  Depth and Thickness of Liquefiable Source Sand at Hollywood Testing 
Locations. 
Exploration No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range (3) 
(m) 
Source Sand 
Thickness (3) 
(m) 
HWD-SCPT-1 8.23 
2.1 
(07/2007) 
2.1 to 4.18 2.1 
HWD-SCPT-2 8.80 2.1 to 4.20 2.1 
HWD-SCPT-3 8.80 2.1 to 4.20 2.1 
HWD-CPT-4 8.80 
2.1 
(07/2008) 
2.1 to 4.19 2.1 
HWD-CPT-5 8.37 2.1 to 4.00 1.9 
HWD-CPT-6 8.80 2.1 to 4.29 2.2 
HWD-SPTE-1 8.78 1.7 (1) 1.7 to 4.11 (2) 2.4 
HWD-SPTE-2 8.86 1.7 (1) - - 
(1) based on adjacent SAM-PZ measurement (04/2010). 
(2) based on laboratory index tests. 
(3) saturated zone only.
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Figure 4.16.  Cone Penetration Test Results from Hollywood HWD-CPT-4. 
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Figure 4.17.  Soil Profile at Hollywood Based on CPT Data. 
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Figure 4.18.  Local Detail of Soil Exploration at Hollywood Adjacent to HWD-CPT-4. 
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4.2.5  Sampit 
The field testing results from Sampit show soil layers consisting of sand, silty 
sand, silty clay, and clayey silt.  Figure 4.26 illustrates the interpretation of soil layers 
using SAM-SCPT-2.  The soil profile interpreted from SAM-SCPT-1, 2, and 3 is 
presented in Figure 4.27.  The corrected tip stress (qt) and friction ratio (Rf) were used to 
 
Figure 4.19.  Energy Transfer Ratios for SPT Intervals of 
HWD-SPTE-1. 
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delineate and identify the soil layers.  Figure 4.28 shows the corrected and normalized 
blow count distribution of SAM-SPTE-1 and SAM-SPTE-2 and the sample borehole 
(SAM-BH) near SAM-SCPT-2 and piezometer SAM-PZ.  The watertable elevations are 
shown as they stood in July 2007 when the SCPTs were performed and in April 2010 
when the SPTEs and BH were performed and the piezometer installed.  The corrected tip 
stress (qt) and friction ratio (Rf) were used to delineate and identify the soil layers. 
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Figure 4.20.  SPT N, N60, and (N1)60 Blow Counts from 
HWD-SPTE-1. 
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The upper 6.6 to 8.3 m of soil is interpreted as silty sand and is considered 
liquefiable below the watertable.  The silty sand is underlain by silty clay, silty sand, and 
clayey silt.  The deepest soil tested consists of interlayered silty sand and clayey sand.  
The ground surface elevation ranged from 11.3 to 12.7 m (MSL) for the range of test 
locations.  The watertable was approximately 2.1 m below ground surface as determined 
from the pore pressure measurements from the SCPTs.  At the time the SPTEs were 
 
Figure 4.21.  Energy Transfer Ratios for SPT Intervals of 
HWD-SPTE-2. 
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performed, the watertable was about 1.7 m below ground surface in SAM-PZ.  Appendix 
A contains plots of the SCPTs performed at the site.  Table 4.6 presents the depth and 
thickness of the source soil layer at the SCPT and SPTE-1 locations, the ground surface 
elevations, and watertable depths in July 2007 and April 2010.  The source soil 
thicknesses and depths are in agreement with those determined by Hu et al. (2002a) as 
presented in Table 4.7 
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Figure 4.22.  SPT N, N60, and (N1)60 Blow Counts from 
HWD-SPTE-2. 
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The energy transfer ratios (ETR) determined from energy measurements are 
plotted in Figure 4.29 for the SPT performed at SAM-SPTE-1.  The range of values and 
average value for each 6-inch (15.2 cm) interval is plotted with the mid-interval depth.  
The blow count values – N, N60, and (N1)60 – are plotted with depth in Figure 4.30.  
The energy transfer ratios (ETR) determined from energy measurements are 
plotted in Figure 4.31 for the SPT performed at SAM-SPTE-1.  The range of values and 
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Figure 4.23.  SPT (N1)60 Comparison for HWD-SPTE-1 
and HWD-SPTE-2 with a Separation Distance of 2.7 m. 
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average value for each 6-inch (15.2 cm) interval is plotted with the mid-interval depth.  
The blow count values – N, N60, and (N1)60 – are plotted with depth in Figure 4.32.  
The corrected and normalized blow count ((N1)60) is compared in Figure 4.33 for 
SPTE-1 and SPTE-2.  There was a separation distance of 2.7 m between the locations. 
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Figure 4.24.  SPT Blow Counts from HWD-SPTE-1 and qt 
from HWD-CPT-4. 
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Figure 4.25.  SPT Blow Counts from HWD-SPTE-2 and qt 
from HWD-CPT-4. 
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Figure 4.26.  Cone Penetration Test Results from Sampit SAM-SCPT-2. 
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Figure 4.27.  Soil Profile at Sampit Based on SCPT Data. 
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Figure 4.28.  Local Detail of Soil Exploration at Sampit Adjacent to SAM-SCPT-1. 
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Table 4.6.  Depth and Thickness of Liquefiable Source Sand at Sampit Testing 
Locations. 
Exploration No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range (3) 
(m) 
Source Sand 
Thickness (3) 
(m) 
SAM-SCPT-1 12.69 
2.1 
(07/2007) 
2.1 to 6.75 4.7 
SAM-SCPT-2 11.34 2.1 to 7.25 5.2 
SAM-SCPT-3 12.09 2.1 to 8.27 6.2 
SAM-SPTE-1 13.22 1.7 (1) 1.7 to 6.55 (2) 4.9 
SAM-SPTE-2 13.25 1.7 (1) - - 
(1) based on adjacent SAM-PZ measurement (04/2010). 
(2) based on laboratory index tests. 
(3) saturated zone only. 
 
 
Table 4.7.  Depth and Thickness of Liquefiable Source Sand at Sampit as 
Determined by Hu et al. (2002a). 
Exploration No. 
Ground Surface 
Elevation (1) 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range 
(m) 
Source Sand 
Thickness 
(m) 
SAM-01 13.1 
1.8 
2.16 to 7.37 5.21 
SAM-02 12.1 3.35 to 7.22 3.87 
SAM-03 13.0 2.20 to 7.04 4.84 
SAM-04 12.1 1.88 to 6.77 4.89 
SAM-05 11.5 1.56 to 6.88 5.32 
SAM-06 11.4 1.85 to 6.91 5.06 
(1) based on interpolated elevation measurements. 
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Figure 4.29.  Energy Transfer Ratios for SPT Intervals of 
SAM-SPTE-1. 
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A comparison between the corrected tip stress (qt) from SAM-SCPT-1 and the 
blow count values N, N60, and (N1)60 from SAM-SPTE-1 is shown in Figure 4.34.  Blow 
count values show a trend with the qt values.  The test locations were 5.5 m apart.  
Similarly, the blow count values from SAM-SPTE-2 show a trend with the qt values from 
SAM-SCPT-1 as shown in Figure 4.35.  The test locations were 8.2 m apart. 
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Figure 4.30.  SPT N, N60, and (N1)60 Blow Counts from 
SAM-SPTE-1. 
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4.2.6  Ten Mile Hill Sites A and B 
Field activities at Ten Mile Hill Sites A and B included only ground surface 
elevation surveys.  Site investigation details are provided in Hu et al. (2002a).  Tables 4.8 
and 4.9 present the ground surface elevations and watertable depths and source sand 
depths and thicknesses as determined by Hu et al. (2002a) for sites A and B, respectively.  
The ground surface at Site A is level and at an elevation of approximately 12.5 m (MSL).  
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Figure 4.31.  Energy Transfer Ratios for SPT Intervals of 
SAM-SPTE-2. 
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The ground surface at Site B is also level and at an elevation of about 11.5 m (MSL).  
The source sand thickness ranges from 1.4 to 2.4 m thick at Site A and from 3.5 to 4.8 m 
thick at Site B. 
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Figure 4.32.  SPT N, N60, and (N1)60 Blow Counts from 
SAM-SPTE-2. 
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4.2.6 Freezing of Piston Tube Samples 
The temperature history of the piston tube samples was monitored during freezing 
for all samples at Four Hole Swamp, Hollywood, and Sampit.  Additional freezing 
containers were constructed of PVC tubes to accommodate extra tube samples.  The net 
longitudinal expansion or contraction of the tube and the soil was determined from the 
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Figure 4.33.  SPT (N1)60 Comparison for SAM-SPTE-1 
and SAM-SPTE-2 with a Separation Distance of 2.7 m. 
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comparison of measurements of the packer movement relative to the ends of the tube, the 
telltales installed in the inner packer plates for measuring movement of the inner packer 
and compression of the rubber seal, and the contraction of the tube over the distance 
between the seals, which was approximately the length of the soil sample. 
Freezing cylinders were fabricated from PVC sections in the field because more 
piston tube samples were obtained than planned.  
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Figure 4.34.  SPT Blow Counts from SAM-SPTE-1 and qt 
from SAM-SCPT-1. 
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The cylinders were constructed of a 2-ft (0.61 m) lower section consisting of 4-in. (10.2 
cm) diameter and 1 ft (0.30 m) upper section of 6-in. (15.2 cm) diameter with a rubber 
pipe cap.  The lower section of the piston tube was wrapped in Styrofoam sill insulation 
and the thermistors attached as with samples in the freezer box. 
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Table 4.8.  Depth and Thickness of Liquefiable Source Sand at Ten Mile Hill Site A 
Determined by Hu et al. (2002a). 
Exploration No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range 
(m) 
Source Sand 
Thickness 
(m) 
TEN-01 12.5 
1.5 
1.57 to 2.95 1.38 
TEN-02 12.5 1.82 to 3.26 1.44 
TEN-03 12.5 1.54 to 3.68 2.14 
TEN-04 12.5 1.88 to 4.25 2.37 
TEN-05 12.5 2.33 to 4.54 2.21 
 
Table 4.9.  Depth and Thickness of Liquefiable Source Sand at Ten Mile Hill Site B 
Determined by Hu et al. (2002a). 
Exploration No. 
Ground Surface 
Elevation 
(m, MSL) 
Watertable 
Depth 
(m) 
Source Sand 
Depth Range 
(m) 
Source Sand 
Thickness 
(m) 
TEN-06 11.5 
1.5 
2.28 to 5.75 3.47 
TEN-07 11.5 2.30 to 6.07 3.77 
TEN-08 11.5 2.38 to 6.21 3.83 
TEN-09 11.5 2.93 to 6.79 3.86 
TEN-10 11.5 3.04 to 7.87 4.83 
 
4.2.6.1  Four Hole Swamp 
Four sample tubes from Four Hole swamp were frozen in the freezer box and one 
was frozen in a PVC tube.  Samples in the freezer box showed a much higher rate of 
cooling than the sample in the PVC tube.  The lower thermistors of all samples registered 
a low temperature of -3 °C in about 7.6 hrs.  The ambient temperature during this time 
ranged from an initial high of 30°C to a final low temperature of 19°C.  Delivery to the 
laboratory occurred about 4.7 hrs later, at which point the lower thermistor temperatures 
ranged from -1°C to -34°C.  The freezing progression for the Four Hole Swamp samples 
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is shown in Figure 4.36 for the samples in the freezer box and in Figure 4.37 for the 
sample in the PVC freezer tube. 
 
 
Four samples from Four Hole Swamp indicated a net longitudinal expansion (+) 
that ranged from 0.2 to 0.7% and one sample showing 0% (2.77 to 3.12 m). The values 
are the largest of the samples at the three sites.  In particular, samples with clay layers 
present within the soil showed the greatest expansion – sample depths from 1.53 to 1.91 
m and 2.14 to 2.45 m.  The contraction of the steel sample tube contributed less than 
0.1% to the net contraction or expansion and a value of zero would indicate that the 
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Hole Swamp. 
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expansion and contraction cancelled out each other.  The net expansions for the Four 
Hole Swamp samples are summarized in Table 4.10. 
 
 
 
Table 4.10.  Longitudinal Net Expansion/Contraction of 
Piston Tube and Soil for Four Hole Swamp Samples. 
Sample Depth 
(m) 
Sample Length 
(cm) 
Expansion (+) (%) 
Contraction (-) (%) 
1.52 to 2.13 37.1 +0.7 
2.13 to 2.74 31.0 +0.4 
2.74 to 3.35 34.5 0.0 
3.35 to 3.96 53.8 +0.4 
3.96 to 4.57 52.9 +0.2 
 
-60
-40
-20
0
20
40
0 2 4 6 8 10 12 14
Elapsed Time (hrs)
T
em
p
er
at
u
re
 (
o
C
)
2.13 to 2.74 m, lower thermistor
ambient temperature
d
ep
ar
t 
fr
o
m
 s
it
e
ar
ri
v
e 
at
 l
ab
 -
tu
b
e 
p
la
ce
d
 i
n
 f
re
ez
er
2.13 to 2.74 m, 31 cm soil in 
tube
PVC Freezing Tube
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4.2.6.2  Hollywood 
Four sample tubes from Hollywood were frozen in the freezer box and one was 
frozen in a PVC tube.  Similarly to the Four Hole Swamp samples, samples in the freezer 
box showed a much higher rate of cooling than the sample in the PVC tube.  The lower 
thermistors of the samples in the freezer box registered a low temperature of -2 °C in 8.5 
hrs and the lower thermistor of the sample in the PVC tube registered a low temperature 
of 8°C.  The ambient temperature during this time ranged from an initial high of 22°C to 
a final low temperature of 20°C.  Delivery to the laboratory occurred about 3.7 hrs later, 
at which point the lower thermistor temperatures ranged from -17°C to -20°C for the 
samples in the freezer box and 8°C for the sample in the freezer tube.  The freezing 
progression for the Hollywood samples is shown in Figure 4.38 for the samples in the 
freezer box and in Figure 4.39 for the sample in the PVC freezer tube. 
Samples from Hollywood showed lower net expansion (+) ranging from 0.1 to 
0.4%, which was less than those at Four Hole Swamp.  The net contraction (-) ranged 
from 0.1 to 0.3% for three samples.  The contraction of the steel sample tube contributed 
less than 0.1% to the net contraction or expansion.  A value of zero would indicate that 
the expansion and contraction cancelled out each other.  The net expansions and 
contractions are summarized in Table 4.11. 
 
4.2.6.3  Sampit 
Four sample tubes from Sampit were frozen in the freezer box and two were 
frozen in PVC tubes.  Similarly to the samples at the other sites, samples in the freezer 
box showed a much higher rate of cooling than the sample in the PVC tube. 
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Table 4.11.  Longitudinal Net Expansion/Contraction of 
Piston Tube and Soil for Hollywood Samples. 
Sample Tube Depth 
(m) 
Sample Length 
(cm) 
Expansion (+) (%) 
Contraction (-) (%) 
2.44 to 3.05 50.1 -0.1 
3.05 to 3.66 45.5 -0.1 
3.66 to 4.27 46.1 +0.4 
4.27 to 4.88 52.4 +0.1 
4.88 to 5.49 52.1 -0.3 
 
 
Figure 4.38.  Freezing Progress for Piston Tube Samples in Freezer Box from 
Hollywood. 
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The lower thermistors of the samples in the freezer box registered a high 
temperature of -2°C in 8.0 hrs and the lower thermistors of the samples in the PVC tubes 
registered a high temperature of 8°C.  The ambient temperature during this time ranged 
from an initial high of 22°C to a final low temperature of 12°C.  Delivery to the 
laboratory occurred about 7.8 hrs later, at which point the lower thermistor temperatures 
ranged from -39°C to -46°C for the samples in the freezer box and 3 to 6°C for the 
samples in the freezer tubes.  The samples in the freezer tubes were transferred to the 
freezer box and the lower thermistors registered -7 to -23°C after an additional freezing 
time of 3 hrs.  The freezing progression for the Hollywood samples is shown in Figure 
Figure 4.39.  Freezing Progress for Piston Tube Sample in PVC Freezer Tube 
from Hollywood. 
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4.40 for the samples in the freezer box and the complete freezing history for the samples 
that were transferred from the freezer tubes to the freezer box is shown in Figure 4.41. 
 
 
 
 
Four samples from Sampit showed a net contraction, which ranged from 0.1 to 
0.3% and one sample showed zero expansion.  The Sampit values are comparable to the 
Hollywood expansion values.  The net expansion and contraction are summarized in 
Table 4.12.  The contraction of the steel sample tube contributed less than 0.1% to the net 
contraction or expansion and a value of zero indicated that the expansion and contraction 
cancelled each other. 
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Figure 4.40.  Freezing Progress for Piston Tube Samples in Freezer Box from Sampit. 
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Table 4.12.  Longitudinal Net Expansion/Contraction of 
Piston Tube and Soil for Sampit Samples. 
Sample Tube Depth 
(m) 
Sample Length 
(cm) 
Expansion (+) (%) 
Contraction (-) (%) 
2.13 to 2.74 56.8 -0.1 
2.74 to 3.35 47.9 -0.1 
3.35 to 3.96 38.1 -0.3 
3.96 to 4.57 50.0 -0.0 
4.57 to 5.18 49.1 -0.1 
5.18 to 5.79 49.8 0.2 
 
 
Figure 4.41.  Freezing Progress for Piston Tube Samples in PVC Freezer Tubes from 
Sampit. 
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4.3 Laboratory Testing 
4.3.1  Index Tests 
4.3.1.1  Fort Dorchester 
 The results of the index tests performed on soil samples from vibracores VC-1, 
VC-2, and VC-3 include soil description, soil color, dilatancy, grain angularity, reaction 
to hydrochloric acid (HCl), fraction percentages of medium and fine sand, total sand, silt, 
clay, and total fines (< #200); grain size diameters at 10, 30, 50, and 60% passing (D10, 
D30, D50, D60, respectively); uniformity and curvature coefficients (Cu and Cc, 
respectively), and liquid limit (LL), plastic limit (PL), and plasticity index (PI), Atterberg 
chart classification, and the USCS classification. 
 
4.3.1.1.1  Vibracore No. 1 (VC-1) 
For the liquefiable source soils tested in VC-1 (2.44 to 4.72 m deep), the soils 
consisted mostly of gray and yellowish-brown clayey, silty sand, silt, and predominately 
poorly-graded clayey sand having moderate to rapid dilatancy, angular grains, and no 
reaction to HCl.  Table 4.13 presents the index characteristics for all soils tested from 
VC-1. 
Grain size distribution tests indicated medium sand contents of 0.1, 0.1, 0.4, and 
57.8%; fine sand contents of 26.8, 78.2, 86.7, and 92.1%; total sand contents of 78.3, 
84.6, 87.1, and 92.1%; silt contents of 0.7, 2.6, 3.8, and 5.6%; clay contents of 7.2, 7.3, 
12.8, and 17.9%; and fines contents (< #200) of 7.9, 12.9, 15.9, and 21.7%.  Table 4.14 
includes the fraction percentages of grain sizes for all soils tested from VC-1.  The grain 
size distribution curves, shown in Figure 4.42, indicates that the liquefiable source soils 
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(sample numbers 9.3 through 15.2) are well-sorted.  Figure 4.43 shows the fraction 
percentage distribution with depth.  There is no gravel present within the VC-1 soils 
tested.  The liquefiable soil shows the highest fraction of total sand within the soil profile 
and that the silt content is less than the clay content. 
The grain size diameters for the liquefiable source sand at D10 are 0.051 and 0.150 
mm for two samples having soils passing 10%, at D30 are 0.140, 0.190, 0.190, and 0.230 
mm; at D50 are 0.170, 0.210, 0.220, 0.480 mm; and at D60 are 0.190, 0.230, 0.240, 0.640 
mm.  For two samples having soil passing 10%, the Cu values are 1.6 and 4.5 and the Cc 
values are 1.0, and 3.1.  Table 4.15 contains D10, D30, D50, D60, Cu, and Cc values for all 
soils tested from VC-1.  Figure 4.44 shows the distribution of grain diameters with depth 
for all soils tested from VC-1.  Soils from within the liquefiable layer have higher grain 
diameter values than those above and below the layer. 
Atterberg limits for two samples tested within the liquefiable layer indicated CL-
ML classification for the < #40 sieve grain size fraction.  However, the USCS 
classification indicated clayey and silty sand.  Soils within and below the liquefiable layer 
were classified as SC-SM, SM, or ML.  Table 4.16 includes the LL, PL, PI, and soil 
classifications for all soils tested from VC-1. 
Specific gravity of the liquefiable soil ranged from 2.68 to 2.70 and the values 
ranged from 2.68 to 2.76 for all soils in VC-1.  The values are summarized in Table 4.17. 
Figure 4.45 summarizes the soil index testing information in core log format and 
indicates the depth intervals for samples that were tested from the overall length of the 
core. 
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4.3.1.1.2  Vibracore No. 2 (VC-2) 
For the liquefiable source soils tested in VC-2 (2.29 to 4.57 m deep), the soils 
consisted mostly of gray and yellowish-brown silty sand having slow to rapid dilatancy, 
subangular to subrounded grains, and no reaction to HCl.  Table 4.18 contains the index 
characteristics for all soils tested from VC-2. 
Grain size distribution tests indicated medium sand content ranging 0.3 to 57.3% 
(0.3, 0.5, 0.5, 0.5, 2.7, and 57.3%), fine sand content ranging from 22.7 to 82.9% (22.7, 
78.2, 80.1, 81.1, 81.8, and 82.9%), total sand content ranging from 78.7 to 84.5% (78.7, 
80.0, 80.4, 81.6, 83.4, and 84.5%), silt content ranging from 2.6 to 9.5% (2.6, 3.0, 4.6, 
5.3, 5.7, and 9.5%), clay content ranging from 11.5 to 16.3% (11.5, 12.1, 13.0, 14.0, 14.5, 
and 16.3%), and fines content (< #200) ranging from 15.5 to 21.3% (15.5, 16.6, 18.4, 
19.6, 20.0, and 21.3%).  Table 4.19 includes the percentages of grain sizes for all soils 
tested from VC-2.  The grain size distribution curve, shown in Figure 4.46, indicates that 
the liquefiable source soils (sample numbers 7.8 through 14.3) are predominately well-
sorted.   
Figure 4.47 shows the fraction percentage distribution with depth.  There is no 
gravel present within the VC-2 soils tested.  The liquefiable soil shows that sand is the 
greatest component within the soil profile and that the silt content is less than the clay 
content. 
The grain size diameters for the liquefiable source sand at D10 is 0.001 mm for 
one sample passing 10%, at D30 range from 0.135 to 0.221 mm (0.135, 0.138, 0.145, 
0.215, 0.215, and 0.221 mm), at D50 range from 0.165 to 0.680 (0.165, 0.170, 0.170, 
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from to
3.1 0.8 1.1 7.1 clayey Sand red and lt. brown mottled moderate angular ( - )
5.5 1.6 1.7 6.4 lean Clay with Sand red and gray mottled - - -
7.1 2.1 2.3 5.9 sandy fat Clay dk. grayish brown none angular ( - )
9.3 2.7 2.9 5.2 clayey, silty Sand dk. yellowish brown rapid angular ( - )
11.4 3.4 3.5 4.6 Silt lt. yellowish brown moderate angular ( - )
12.7 3.8 4.0 4.2 poorly-graded clayey Sand lt. gray moderate angular ( - )
14.4 4.3 4.5 3.6 poorly-graded clayey Sand med. brwn w/ yellowish-red mottle - - ( - )
15.2 4.6 4.7 3.4 poorly-graded clayey Sand lt. gray - - ( - )
17.0 5.1 5.3 2.9 silty Sand lt. olive brown moderate subangular ( - )
17.5 5.3 5.4 2.7 silty Sand lt. yellowish brown slow subangular ( + )
19.6 5.9 6.0 2.1 silty Sand lt. olive brown moderate subrounded ( + )
21.3 6.4 6.6 1.6 Silt olive brown - - -
23.2 7.0 7.1 1.0 sandy Silt olive brown moderate subangular ( + )
Color Dilatancy Angularity HCl
Depth (m) Mid-elev. 
(m, MSL)
Description
Sample 
No.
Table 4.13.  Index Characteristics of FD-VC-1 Soils. 
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Table 4.14.  Grain Size Fractions for FD-VC-1 Soils. 
    Fraction Percent 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Sand 
Silt Clay 
Total 
Sand 
< #200 
from to med. fine 
3.1 0.81 1.06 7.1 0.5 51.3 9.3 38.9 51.8 48.2 
5.5 1.60 1.74 6.4 0.3 27.5 51.2 21.0 27.8 72.2 
7.1 2.06 2.26 5.9 0.3 19.2 16.4 64.1 19.5 80.5 
9.3 2.71 2.94 5.2 0.1 78.2 3.8 17.9 78.3 21.7 
12.7 3.76 3.99 4.2 0.1 92.1 0.7 7.2 92.1 7.9 
14.4 4.29 4.49 3.6 57.8 26.8 2.6 12.8 84.6 15.4 
15.2 4.57 4.69 3.4 0.4 86.7 5.6 7.3 87.1 12.9 
17.0 5.09 5.27 2.9 1.4 61.4 24.0 13.2 62.8 37.2 
17.5 5.28 5.42 2.7 1.7 50.5 29.0 18.8 52.2 47.8 
19.6 5.91 6.04 2.1 2.7 47.3 33.1 16.9 50.0 50.0 
23.2 7.01 7.13 1.0 2.4 36.2 41.0 20.4 38.6 61.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42.  Grain Size Distribution for Soils from FD-VC-1. 
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Table 4.15.  Grain Diameters at 10, 30, 50, and 60% Passing for FD-VC-1 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size Diameter (mm) 
Cu Cc 
from to D10 D30 D50 D60 
3.1 0.81 1.06 7.1 - - 0.096 0.140 - - 
5.5 1.60 1.74 6.4 - 0.038 0.040 0.046 - - 
7.1 2.06 2.26 5.9 - - - 0.002 - - 
9.3 2.71 2.94 5.2 - 0.140 0.170 0.190 - - 
12.7 3.76 3.99 4.2 0.1500 0.190 0.220 0.240 1.6 1.0 
14.4 4.29 4.49 3.6 - 0.230 0.480 0.640 - - 
15.2 4.57 4.69 3.4 0.0510 0.190 0.210 0.230 4.5 3.1 
17.0 5.09 5.27 2.9 - 0.064 0.090 0.100 - - 
17.5 5.28 5.42 2.7 - 0.031 0.081 0.096 - - 
19.6 5.91 6.04 2.1 0.0041 0.032 0.075 0.092 22.4 2.7 
23.2 7.01 7.13 1.0 0.0010 0.010 0.056 0.072 72.0 1.4 
Figure 4.43.  Grain Size Fraction Distribution for Soils from FD-VC-1. 
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Table 4.16.  Atterberg Limits and Soil Classification for FD-VC-1 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
3.1 0.81 1.06 7.1 40 16 24 CL SC 
5.5 1.60 1.74 6.4 47 17 30 CL CL 
7.1 2.06 2.26 5.9 76 23 53 CH CH 
9.3 2.71 2.94 5.2 26 21 5 CL-ML SC-SM 
11.4 3.40 3.53 4.6 20 14 6 CL-ML ML 
17.0 5.09 5.27 2.9 32 28 4 ML SM 
17.5 5.28 5.42 2.7 29 26 3 ML SM 
19.6 5.91 6.04 2.1 25 23 2 ML SM 
21.3 6.40 6.55 1.6 24 24 0 ML ML 
23.2 7.01 7.13 1.0 28 25 3 ML ML 
 
Table 4.17.  Specific Gravity of Soils from 
FD-VC-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
3.1 0.81 1.06 7.1 2.72 
7.1 2.06 2.26 5.9 2.76 
9.3 2.71 2.94 5.2 2.70 
12.7 3.76 3.99 4.2 2.70 
14.4 4.29 4.49 3.6 2.69 
15.2 4.57 4.69 3.4 2.68 
17.0 5.09 5.27 2.9 2.73 
17.5 5.28 5.42 2.7 2.78 
19.6 5.91 6.04 2.1 2.76 
23.2 7.01 7.13 1.0 2.76 
 
0.230, 0.250, and 0.680 mm), and at D60 range from 0.180 to 0.820 mm (0.180, 0.180, 
0.189, 0.226, 0.260, and 0.820 mm).  For one sample having soil passing 10%, the Cu 
value is 180 and the Cc value is 101.  Table 4.20 contains D10, D30, D50, D60, Cu, and Cc 
values for all soils tested from VC-2.  Figure 4.48 shows the distribution of grain 
diameters with depth for all soils tested from VC-2. 
Atterberg limits for three samples tested within the liquefiable layer indicated ML 
classification for the < #40 sieve grain size fraction.  However, the USCS classification 
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indicated silty sand (SM).  The liquid limit values were approximately equal to the plastic 
limit values.  Table 4.21 includes the LL, PL, PI, and soil classifications for all soils 
tested from VC-2. 
Specific gravity of the soils within the liquefiable layer ranged from 2.65 to 2.70 
and 2.81 for soil directly below.  Table 4.22 contains a summary of the specific gravity 
values. 
Figure 4.49 summarizes the soil index testing information in a core log format and 
indicates the depth intervals for samples that were tested over the length of the core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.44.  Grain Diameters at 10, 30, 50, and 60% Passing for Soils from FD-
VC-1. 
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Clayey Sand (fine) (SC), red and lt. brown mottled; 51.8% sand, angular; 0.0% gravel, 9.3% silt, 38.9% clay, moderate dilatancy.
Sandy lean Clay (CL), 27.8% sand, 0.0% gravel, 51.2% silt, 21.0% clay.
Fat Clay with sand (fine) (CH), dk. grayish brown, 19.5% sand, angular, 0.0% gravel, 16.4% silt, 64.1% clay, no dilatancy.
Silty Sand (fine) (SM), lt. olive brown; 62.8% sand, subangular; 0.0% gravel, 24.0% silt, 13.2% clay, moderate dilatancy.
Silty Sand (fine) (SM), lt. olive brown; 50.0% sand, subrounded; 0.0% gravel, 33.1% silt, 16.9% clay, moderate dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), lt. gray, 87.1% sand, 0.0% gravel, 5.6% silt, 7.3% clay.
Poorly graded Sand (fine) with clay (SP-SC), med. brown w/ yellowish-red mottles, 84.6% sand, 0.0% gravel, 2.6% silt, 12.8% clay.
Silt (ML), lt. yellowish brown;sand, angular, subspheroidalal to elongate; moderate dilatancy.
Silty, clayey Sand (fine) (SC-SM), dk. yellowish brown; 78.3% sand, angular; 0.0% gravel, 3.8% silt, 17.9% clay, rapid dilatancy.
Silty Sand (fine) (SM), lt. yellowish brown; 52.2% sand, subangular; 0.0% gravel, 29.0% silt, 18.8% clay, slow dilatancy.
Sandy Silt (ML), olive brown; 38.6% sand, subangular; 0.0% gravel, 41.0% silt, 20.4% clay, moderate dilatancy.
Silt (ML)
Poorly graded clayey Sand (fine) (SP-SC), lt. gray; 92.1% sand, angular; 0.0% gravel, 0.7% silt, 7.2% clay, moderate dilatancy.
Figure 4.45.  Soil Profile and Index Test Descriptions Shown with Sample Intervals and Elevations at FD-VC-1. 
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4.3.1.1.3  Vibracore No. 3 (VC-3) 
For the liquefiable source soils tested in VC-3 (1.68 to 4.72 m deep), the soils 
consisted mostly of gray and yellowish-brown silty sand and clayey sand having slow to 
rapid dilatancy, angular to subangular grains, and no reaction to HCl.  Table 4.23 
contains the index characteristics for all soils tested from VC-3. 
Grain size distribution tests indicated medium sand content ranging 0.6 to 22.6% 
(0.6, 1.1, 1.6, 1.7, 3.8, 9.6, and 22.6%), fine sand content ranging from 67.1 to 95.4% 
(67.1, 76.8, 79.6, 80.0, 82.5, 88.6, and 95.4%), total sand content ranging from 80.6 to 
95.9% (80.6, 81.1, 84.1, 89.2, 89.7, 90.3, and 95.9%), silt content ranging from 0.3 to 
9.4% (0.3, 0.4, 1.1, 1.8, 2.3, 2.9, and 9.4%), clay content ranging from 3.8 to 16.1% (3.8, 
7.9, 8.0, 10.0, 10.4, 14.8, 16.1%), and fines content (< #200) ranging from 4.1 to 19.4% 
(4.1, 9.7, 10.3, 10.8, 15.9, 18.9, and 19.4%). 
Table 4.24 includes the fraction percentages of grain sizes for all soils tested from 
VC-3.  The grain size distribution curves, shown in Figure 4.50, indicates that the 
liquefiable source soils (sample numbers 5.7 through 15.1) are predominately well-
sorted.  Figure 4.51 shows the fraction percentage distribution with depth.  There is no 
gravel present within the VC-3 soils tested.  The liquefiable soil shows that sand is the 
greatest component within the soil profile and that the silt content is less than the clay 
content. 
The grain size diameters for the liquefiable source sand at D10 range from 0.0013 
to 0.0900 mm (0.0013, 0.0050, 0.0720, 0.0900, and 0.1390 mm) for five samples passing 
10%, at D30 range from 0.148 to 0.219 mm (0.148, 0.150, 0.169, 0.180, 0.186, 0.216, and 
0.219 mm), at D50 range from 0.181 to 0.261 (0.181, 0.188, 0.198, 0.211, 0.220, and 
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0.242 mm), and at D60 range from 0.205 to 0.290 mm (0.205, 0.206, 0.210, 0.230, 0.239, 
0.290, and 0.290 mm).  For samples having soil passing 10%, the Cu values ranged from 
1.5 to 223.1 (1.5, 2.6, 4.0, 11.7, 41.2, and 223.1) and the Cc values ranged from 1.0 to 
123.8 (1.0, 1.6, 2.3, 4.7, 21.3, and 123.8).   
Table 4.25 contains D10, D30, D50, D60, Cu, and Cc values for all soils tested from 
VC-3.  Figure 4.52 shows the distribution of grain diameters with depth for all soils 
tested from VC-3. 
Atterberg limits for three samples tested within the liquefiable layer indicated ML 
classification for the < #40 sieve grain size fraction.  However, the USCS classification 
indicated silty sand (SM).  Table 4.26 includes the LL, PL, PI, and soil classifications for 
all soils tested from VC-3.  The liquid limit values were about equal to the plastic limit 
values, which resulted in very low plasticity index ranging from 0 to 3. 
Specific gravity values for soil from the liquefiable layer ranged from 2.65 to 2.76 
with values above and below the layer of 2.70 and 2.80, respectively.  Table 4.27 
contains a summary of the specific gravity values. 
Figure 4.53 summarizes the soil index testing information in a core log format and 
indicates the depth intervals for samples that were tested over the length of the core. 
  
2
1
2
 
 
 
 
 
 
 
 
from to
7.8 2.3 2.4 5.9 silty Sand red w/ gray and yellowish red mottle rapid subangular ( - )
9.5 2.8 3.0 5.4 silty Sand lt. yellow brown slow subangular ( - )
11.0 3.3 3.4 4.9 silty Sand dk. yellowish brown rapid subrounded ( - )
11.8 3.5 3.6 4.7 silty Sand lt. yellow brown moderate subangular ( - )
13.3 4.0 4.1 4.3 silty Sand v. lt. brown w/ lt. brown zones - - ( - )
14.3 4.3 4.4 4.0 silty Sand lt. gray and lt. brown - - ( - )
17.4 5.2 5.3 3.0 silty Sand lt. olive brown moderate subrounded ( - )
Color Dilatancy AngularityDescription HCl
Depth (m)Sample 
No.
Mid-elev. 
(m, MSL)
Table 4.18.  Index Characteristics of FD-VC-2 Soils. 
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Table 4.19.  Grain Size Fractions for FD-VC-2 Soils. 
    Fraction Percent 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Sand 
Silt Clay 
Total 
Sand 
< #200 
from to med. fine 
7.8 2.31 2.44 5.9 2.7 81.8 4.6 11.5 84.5 15.5 
9.5 2.82 2.97 5.4 0.5 81.1 5.3 13.0 81.6 18.4 
11.0 3.29 3.44 4.9 0.5 78.2 9.5 12.1 78.7 21.3 
11.8 3.53 3.63 4.7 0.3 80.1 5.7 14.0 80.4 19.6 
13.3 3.99 4.10 4.3 0.5 82.9 2.6 14.5 83.4 16.6 
14.3 4.27 4.44 4.0 57.3 22.7 3.0 16.3 80.0 20.0 
17.4 5.25 5.33 3.0 1.7 57.3 27.7 13.1 59.0 41.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
0.000.000.010.101.0010.00
Grain Diameter (mm)
P
er
ce
n
t 
P
as
si
n
g
7.8
9.5
11
11.8
13.3
14.3
17.4
0.0 1 0.0 10.010
.0
Figure 4.46.  Grain Size Distribution for Soils from FD-VC-2. 
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Table 4.20.  Grain Diameters at 10, 30, 50, and 60% Passing for FD-VC-2 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size Diameter (mm) 
Cu Cc 
from to D10 D30 D50 D60 
7.8 2.31 2.44 5.9 - 0.215 0.230 0.226 - - 
9.5 2.82 2.97 5.4 - 0.145 0.170 0.180 - - 
11.0 3.29 3.44 4.9 0.0010 0.135 0.165 0.180 180.0 101.3 
11.8 3.53 3.63 4.7 - 0.138 0.170 0.189 - - 
13.3 3.99 4.10 4.3 - 0.221 0.250 0.260 - - 
14.3 4.27 4.44 4.0 - 0.215 0.680 0.820 - - 
17.4 5.25 5.33 3.0 - 0.067 0.085 0.100 - - 
 
 
Figure 4.47.  Grain Size Fraction Distribution for Soils from FD-VC-2. 
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Table 4.21.  Atterberg Limits and Soil Classification for FD-VC-2 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
7.8 2.31 2.44 5.9 22 22 0 ML SM 
13.3 3.99 4.10 4.3 22 22 0 ML SM 
14.3 4.27 4.44 4.0 32 28 4 ML SM 
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Figure 4.48.  Grain Diameters at 10, 30, 50, and 60% Passing for Soils from FD-
VC-2. 
 216 
Table 4.22.  Specific Gravity of Soils from 
FD-VC-2. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
7.8 2.31 2.44 5.9 2.68 
9.5 2.82 2.97 5.4 2.66 
11.0 3.29 3.44 4.9 2.65 
11.8 3.53 3.63 4.7 2.65 
13.3 3.99 4.10 4.3 2.69 
14.3 4.27 4.44 4.0 2.70 
17.4 5.25 5.33 3.0 2.81 
 
4.3.1.1.4.  Comparison of Grain Size Fractions Across Vibracore Locations 
A comparison of the grain size fractions from VC-1, VC-2, and VC-3 as shown in 
Figure 4.54 shows that sand is the predominate soil component within the liquefiable 
source sand across the site as inferred from the vibracore soil tests and has the highest 
quantity in VC-3 and the lowest in VC-2.  Figure 4.55 shows that silt content is lowest in 
VC-3 and highest in VC-2.  The clay content distribution, as shown in Figure 4.56, is 
greatest in VC-2 and lowest in VC-3.  The fines content (< #200) is greatest in VC-2 and 
lowest in VC-3 as shown in Figure 4.57. 
 
4.3.1.2  Four Hole Swamp 
For the liquefiable source soils tested in FHS-SPTE-1 (2.29 to 4.60 m deep), the 
soils consist of gray, pale yellow, yellowish brown, and brownish gray poorly-graded 
clayey sand (SP-SC), poorly-graded sand (SP), and clayey sand (SC).  The soils within 
the layer were non-plastic or were of low plasticity, maintained predominately slow to 
medium dilatancy, low to medium dry strength, and no odor.  The soils within the 
liquefiable layer had no reaction with HCl.   
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Silty Sand (fine) (SM), red with gray and yellowish red mottles; 84.5% sand, subangular; 0.0% gravel, 4.6% silt, 11.5% clay, 
rapid dilatancy.
Clayey Sand (fine) (SC), lt. yellow brown; 81.6% sand, subangular; 0.0% gravel, 5.3% silt, 13.0% clay, slow dilatancy.
Silty Sand (fine) (SM), lt. olive brown; 59.0% sand, subrounded; 0.0% gravel, 27.7% silt, 13.1% clay, moderate dilatancy.
Silty Sand (fine), (SM), v. lt. brown w/ lt. brown zones, 83.4% sand, 0.0% gravel, 2.6% silt, 14.5% clay.
Clayey Sand (fine) (SC), lt. yellow brown; 80.4% sand, subangular; 0.0% gravel, 5.7% silt, 14.0% clay, moderate dilatancy.
Clayey Sand (fine) (SC), dk. yellowish brown; 78.7% sand, subrounded; 0.0% gravel, 9.5% silt, 12.1% clay, rapid dilatancy.
Silty Sand (fine) (SM), lt. gray and lt. brown, 80.0% sand, 0.0% gravel, 3.0% silt, 16.3% clay.
Figure 4.49.  Soil Profile and Index Test Descriptions Shown with Sample Intervals and Elevations at FD-VC-2. 
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from to
3.2 0.9 1.0 6.6 fat Clay red and gray mottled none angular ( - )
5.7 1.6 1.8 5.9 silty Sand lt. olive brown - - ( - )
6.4 1.9 2.0 5.6 silty Sand lt. olive brown - - ( - )
7.6 2.3 2.4 5.3 well-graded clayey Sand lt. olive brown rapid angular ( - )
9.3 2.8 2.9 4.7 poorly-graded Sand lt. yellowish brown rapid angular ( - )
12.5 3.7 3.9 3.8 poorly-graded clayey Sand lt. gray slow subangular ( - )
13.6 4.1 4.2 3.5 poorly-graded clayey Sand lt. gray - - ( - )
15.1 4.5 4.6 3.0 silty Sand lt. gray - - ( - )
16.4 4.9 5.0 2.6 silty Sand lt. olive brown rapid subangular ( - )
Angularity HClColor DilatancyDescription
Depth (m)Sample 
No.
Mid-elev. 
(m, MSL)
Table 4.23.  Index Characteristics of FD-VC-3 Soils. 
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Table 4.24.  Grain Size Fractions for FD-VC-3 Soils. 
    Fraction Percent 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Sand 
Silt Clay 
Total 
Sand 
< #200 
from to medium fine 
3.2 0.91 1.03 6.6 1.7 42.3 7.5 48.5 44.0 56.0 
5.7 1.62 1.83 5.9 1.6 82.5 1.1 14.8 84.1 15.9 
6.4 1.88 2.02 5.6 1.1 80.0 2.9 16.1 81.1 18.9 
7.6 2.26 2.39 5.3 9.6 79.6 0.4 10.4 89.2 10.8 
9.3 2.78 2.91 4.7 0.6 95.4 0.3 3.8 95.9 4.1 
12.5 3.75 3.89 3.8 1.7 88.6 1.8 7.9 90.3 9.7 
13.6 4.08 4.18 3.5 22.6 67.1 2.3 8.0 89.7 10.3 
15.1 4.54 4.65 3.0 3.8 76.8 9.4 10.0 80.6 19.4 
16.4 4.94 5.04 2.6 2.8 64.2 23.4 9.6 67.0 33.0 
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Figure 4.50.  Grain Size Distribution for Soils from FD-VC-3. 
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Table 4.25.  Grain Diameters at 10, 30, 50, and 60% Passing for FD-VC-3 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size Diameter (mm) 
Cu Cc 
from to D10 D30 D50 D60 
3.2 0.91 1.03 6.6 -   0.007 0.130 - - 
5.7 1.62 1.83 5.9 - 0.186 0.220 0.239 - - 
6.4 1.88 2.02 5.6 - 0.150 0.188 0.205 - - 
7.6 2.26 2.39 5.3 0.0013 0.216 0.261 0.290 223.1 123.8 
9.3 2.78 2.91 4.7 0.1390 0.169 0.198 0.210 1.5 1.0 
12.5 3.75 3.89 3.8 0.0900 0.180 0.211 0.230 2.6 1.6 
13.6 4.08 4.18 3.5 0.0720 0.219 0.242 0.290 4.0 2.3 
15.1 4.54 4.65 3.0 0.0050 0.148 0.181 0.206 41.2 21.3 
16.4 4.94 5.04 2.6 0.0096 0.071 0.098 0.112 11.7 4.7 
 
 
Figure 4.51.  Grain Size Fraction Distribution for Soils from FD-VC-3. 
 221 
Table 4.26.  Atterberg Limits and Soil Classification for FD-VC-3 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
3.2 0.91 1.03 6.6 58 16 42 CH CH 
5.7 1.62 1.83 5.9 22 22 0 ML SM 
6.4 1.88 2.02 5.6 24 21 3 ML SM 
15.1 4.54 4.65 3.0 18 17 1 ML SM 
16.4 4.94 5.04 2.6 30 27 3 ML SM 
 
Table 4.27.  Specific Gravity of Soils from 
FD-VC-3. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
3.2 0.91 1.03 6.6 2.70 
5.7 1.62 1.83 5.9 2.72 
6.4 1.88 2.02 5.6 2.70 
7.6 2.26 2.39 5.3 2.69 
9.3 2.78 2.91 4.7 2.68 
12.5 3.75 3.89 3.8 2.76 
13.6 4.08 4.18 3.5 2.68 
15.1 4.54 4.65 3.0 2.65 
16.4 4.94 5.04 2.6 2.80 
 
With the exception of one sample, which consisted of poorly-graded coarse sand with 
clayey sand nodules, the primary grain size was fine sand.  The grains were found to be 
predominately angular to subangular and subspheroidal to subelongate. 
Soils above the liquefiable layer consisted exclusively of clayey sand (SC) that 
was gray, yellow, and yellowish brown.  Plasticity ranged from medium to high, there 
was none to slow dilatancy, no reaction to HCl, and the dry strength was primarily high.  
One sample had a slightly sulfurous odor.   
All samples tested contained fine sand as the primary grain size and had 
predominately angular to subangular, subspheroidal to subelongate grains. 
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Soils below the liquefiable layer (belonging to the Cooper Group) consisted of 
mostly olive brown and grayish brown soils that were classified as clayey sand (SC), silty 
sand (SM), and lean clay (CL).  None to very slow dilatancy was observed, there was no 
odor, and dry strength was high.  Six of the seven samples tested showed a positive 
reaction to HCl.  For the SC and SM soils, the sand grains were subangular to subrounded 
and subspheroidal to subelongate.  Tables 4.28 and 4.29 summarize the index 
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Figure 4.52.  Grain Diameters at 10, 30, 50, and 60% Passing for Soils from FD-
VC-3. 
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characteristics and grain characteristics, respectively, of all soils tested from FHS-SPTE-
1. 
Grain size distribution tests of soils within the liquefiable source layer indicated 
coarse sand content ranging from 0.00 to 2.22% with the shallowest sample (sample no. 
7.2) having a coarse sand content of 53.32%.  The medium sand content ranged from 
0.04 to 21.57%, the fine sand content ranged from 39.51 to 95.12%, and the total sand 
content ranged from 76.61 to 98.66%.  The silt fraction ranged from 0.30 to 2.70%, the 
clay fraction ranged from 3.50 to 10.70%, and the fines content (< #200) ranged from 
1.34 to 13.13%.  Clayey sand nodules were present in the soil and occupied about 1 to 
21% of the soil mass.  The percentages of nodules for samples tested are given in Figure 
4.58. 
Soils above the liquefiable layer had the following grain size content ranges: 
medium sand from 0.03 to 0.07%, fine sand from 80.69 to 84.83%, total sand from 80.74 
to 84.86%, silt from 1.76 to 2.14%, clay from 13.00 to 17.50%, and fines (< #200) from 
15.14 to 19.26%.  Soils below the source layer (Cooper Group deposits) had grain size 
contents that ranged as follows: coarse sand – 0.00 to 18.12%, medium sand – 0.08 to 
0.56%, fine sand – 1.78 to 3.36%, total sand – 40.19 to 60.75%, silt – 23.85 to 32.70%, 
clay – 10.00 to 17.40%, and fines – 35.68 to 50.10%. 
Table 4.30 includes the percentages of grain sizes for all soils tested from FHS-
SPTE-1.  The grain size distribution curves, shown in Figure 4.58, shows the liquefiable 
source soils (sample numbers 7.8 through 14.7) are well-sorted. 
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Sandy (fine) fat Clay (CH), red and gray mottled; 44.0% sand, angular; 0.0% gravel, 7.5% silt, 48.5% clay, no dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), lt. olive brown; 89.2% sand, angular; 0.0% gravel, 0.4% silt, 10.4% clay, rapid dilatancy.
Silty Sand (fine) (SM), lt. olive brown, 84.1% sand, 0.0% gravel, 1.1% silt, 14.8% clay.
Silty Sand (fine) (SM), lt. olive brown, 81.1% sand, 0.0% gravel, 2.9% silt, 16.1% clay.
Silty Sand (fine) (SM), lt. olive brown; 67.0% sand, subangular; 0.0% gravel, 23.4% silt, 9.6% clay, rapid dilatancy.
Silty Sand (fine) (SM), lt. gray, 80.6% sand, 0.0% gravel, 9.4% silt, 10.0% clay.
Poorly graded Sand (fine) with clay (SP-SC), lt. gray, 89.7% sand, 0.0% gravel, 2.3% silt, 8.0% clay.
Poorly graded Sand (fine) (SP), lt. yellowish brown; 95.9% sand, angular; 0.0% gravel, 0.3% silt, 3.8% clay, rapid dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), lt. gray; 90.3% sand, subangular; 0.0% gravel, 1.8% silt, 7.9% clay, slow dilatancy.
Figure 4.53.  Soil Profile and Index Test Descriptions Shown with Sample Intervals and Elevations at FD-VC-3. 
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Soils found within the Cooper Group (sample numbers 15.9 through 19.3) are 
poorly-sorted and the distribution curves are easily differentiated from the curves 
belonging to the overlying liquefiable soils.  Figure 4.59 shows the grain size fraction 
distribution with depth.  Small amounts of gravel are present, but show no trend.  Total 
sand and fine sand percentages remain relatively constant within the liquefiable layer, but 
decrease with depth in the Cooper Group sediments.  The silt content is low and constant 
and the clay content is moderate and constant within the liquefiable layer, however, they 
both increase in the Cooper Group deposits – particularly the silt fraction. 
Figure 4.54.  Comparison of Sand Fraction for Soils from FD-VC-1, FD-VC-2, and FD-
VC-3. 
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The grain size diameters for the liquefiable source sand (excluding sample 
number 7.2) at D10 ranged from 0.0031 to 0.1200 mm (average 0.0574 mm), at D30 
ranged from 0.111 to 0.220 mm (average 0.153 mm), at D50 ranged from 0.113 to 0.260 
mm (average 0.184 mm), and at D60 ranged from 0.115 to 0.280 mm (average 0.200 
mm).  The Cu values ranged from 1.5 to 54.5 (average 16.0) and the Cc values ranged 
from 1.0 to 36.1 (average 10.4). 
 
 
Figure 4.55.  Comparison of Silt Fraction for Soils from FD-VC-1, FD-VC-2, and FD-
VC-3. 
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The grain size diameters for the soils underlying the source sand (excluding 
sample number 7.2) at D10 ranged from 0.0016 to 0.0057 mm (average 0.0031 mm), at 
D30 ranged from 0.031 to 0.090 mm (average 0.054 mm), at D50 ranged from 0.075 to 
0.106 mm (average 0.0855 mm), and at D60 ranged from 0.096 to 0.180 mm (average 
0.130 mm).  The Cu values ranged from 26.7 to 90.0 (average 53.1) and the Cc values 
ranged from 3.6 to 12.8 (average 6.7). 
 
 
Figure 4.56.  Comparison of Clay Fraction for Soils from FD-VC-1, FD-VC-2, and FD-
VC-3. 
 228 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.31 contains D10, D30, D50, D60, Cu, and Cc values for all soils tested from 
FHS-SPTE-1.  Figure 4.60 shows the distribution of grain diameters with depth for all 
soils tested from FHS-SPTE-1.  Soils from within the liquefiable layer have higher grain 
diameter values at 10, 30, 50, and 60% passing than soils underlying the layer.  Sample 
7.2 showed much larger grain sizes – D10 at 0.1490 mm, D30 at 0.190 mm, D50 at 1.600 
mm, and D60 at 4.600 mm. 
Figure 4.57.  Comparison of Fines (< #200) Fraction for Soils from FD-VC-1, FD-VC-
2, and FD-VC-3. 
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Atterberg limits for three samples tested within the liquefiable layer indicated CL 
and CL-ML classification for the < #40 sieve grain size fraction.  However, the USCS 
classification indicated poorly-graded clayey sand (SP-SC).  The liquid limits ranged 
from 20 to 27 and the plasticity indexes ranged from 7 to 9.  Soils below the liquefiable 
layer were classified as CL or ML for the < #40 grain size fraction and were classified as 
SM, SC, and CL using the USCS.  The soils had liquid limits that ranged from 30 to 40 
and plasticity indexes that ranged from 7 to 17.  Table 4.32 includes the LL, PL, PI, and 
soil classifications for all soils tested from FHS-SPTE-1. 
Specific gravity within the liquefiable soil ranged from 2.648 to 2.668 with an 
average value of 2.657.  The Cooper Group sediments underlying the liquefiable layer 
had higher specific gravities that ranged from 2.715 to 2.750 with an average value of 
2.733.  The values for all soils tested are given in Table 4.33. 
Figure 4.61 summarizes the soil index testing information in log format and 
indicates the depth intervals for samples that were tested.  Also shown are the depths of 
the cyclic triaxial test specimens and the microscopy specimens. 
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from to
0.8 0.00 0.46 21.6 SC high none none high ( - ) light yellowish brown
1.8 0.46 0.61 21.3 SC medium very slow none high ( - ) yellow
2.4 0.61 0.84 21.1 SC high none none high ( - ) light grayish brown
3.2 0.85 1.07 20.9 SC medium very slow none high ( - ) brownish-yellow
3.8 1.07 1.22 20.7 SC high slow none high ( - ) light yellowish brown
4.8 1.37 1.52 20.4 SC high none sl. sulfurous high ( - ) light gray
5.3 1.52 1.68 20.3 SC medium slow none high ( - ) pale yellow
5.8 1.68 1.83 20.1 SC - slow none medium ( - ) light yellowish brown
6.4 1.92 1.95 19.9 SC medium slow none high ( - ) pale yellow
7.2 2.10 2.29 19.7 SP - - - - -
7.8 2.29 2.44 19.5 SP - rapid none low ( - ) white
8.8 2.59 2.74 19.2 SP-SC - very slow none medium ( - ) light yellowish brown
9.3 2.74 2.90 19.1 SP-SC low slow - high ( - ) light gray
9.8 2.90 3.05 18.9 SP-SC - very slow none low ( - ) pale yellow
10.6 3.14 3.32 18.6 SP-SC low v. slow none low ( - ) pale yellow
11.2 3.32 3.51 18.5 SP-SC none medium none low ( - ) pale yellow
11.8 3.51 3.66 18.3 SP-SC - slow none medium-high ( - ) light brownish gray
12.8 3.86 3.93 18.0 SP-SC none medium none medium ( - ) pale yellow
13.3 3.99 4.11 17.8 SW-SC low slow none high ( - ) light gray
13.8 4.11 4.27 17.7 SW-SC - medium none medium ( - ) dark yellowish brown
14.7 4.33 4.60 17.4 SP none medium none low ( - ) pale yellow
15.7 4.72 4.82 17.1 SC high none none high ( + ) olive brown
15.9 4.82 4.88 17.0 SM high slow none high ( - ) olive brown
16.4 4.88 5.11 16.9 SC - - - - -
17.2 5.12 5.33 16.6 SM medium none none high ( + ) dark olive gray
17.8 5.33 5.49 16.5 SC - very slow none high ( + ) dark grayish brown
18.8 5.64 5.79 16.2 SC - none none high ( + ) olive brown
19.3 5.79 5.94 16.0 CL - very slow none high ( + ) very dark grayish brown
22.3 6.71 6.86 15.1 CL high none none high ( + ) dark olive brown
PlasticityUSCS
Depth (m) Mid-elev. 
(m, MSL)
Sample 
No.
ColorDry StrengthOdorDilatancy HCl
Table 4.28.  Index Characteristics for Soils from FHS-SPTE-1. 
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from to
0.8 0.00 0.46 21.6 SC fine Sand angular-subangular subspheroidal-subelongate
1.8 0.46 0.61 21.3 SC fine Sand angular-subangular subspheroidal-subelongate
2.4 0.61 0.84 21.1 SC fine Sand angular-subangular subspheroidal-subelongate
3.2 0.85 1.07 20.9 SC fine Sand angular-subangular subspheroidal-subelongate
3.8 1.07 1.22 20.7 SC fine Sand angular-subangular subspheroidal-subelongate
4.8 1.37 1.52 20.4 SC fine Sand angular-subangular subspheroidal-subelongate
5.3 1.52 1.68 20.3 SC fine Sand subangular-subround -
5.8 1.68 1.83 20.1 SC fine Sand angular-subangular subspheroidal-subelongate
6.4 1.92 1.95 19.9 SC fine Sand subangular -
7.2 2.10 2.29 19.7 SP coarse Sand - -
7.8 2.29 2.44 19.5 SP fine Sand angular subspheroidal-subelongate
8.8 2.59 2.74 19.2 SP-SC fine Sand angular-subangular subspheroidal-subelongate
9.3 2.74 2.90 19.1 SP-SC fine Sand subangular -
9.8 2.90 3.05 18.9 SP-SC fine Sand angular-subangular subspheroidal-subelongate
10.6 3.14 3.32 18.6 SP-SC fine Sand angular-subangular -
11.2 3.32 3.51 18.5 SP-SC fine Sand subangular -
11.8 3.51 3.66 18.3 SP-SC fine Sand subangular subspheroidal-subelongate
12.8 3.86 3.93 18.0 SP-SC fine Sand subangular -
13.3 3.99 4.11 17.8 SW-SC fine Sand subangular -
13.8 4.11 4.27 17.7 SW-SC fine Sand subangular-subround subspheroidal-subelongate
14.7 4.33 4.60 17.4 SP fine Sand subangular -
15.7 4.72 4.82 17.1 SC fine Sand subangular-subround -
15.9 4.82 4.88 17.0 SM fine Sand subangular-subround -
16.4 4.88 5.11 16.9 SC fine Sand - -
17.2 5.12 5.33 16.6 SM fine Sand subangular-subround subspheroidal-subelongate
17.8 5.33 5.49 16.5 SC fine Sand subangular-subround -
18.8 5.64 5.79 16.2 SC fine Sand subangular subspheroidal-subelongate
19.3 5.79 5.94 16.0 CL clay - -
22.3 6.71 6.86 15.1 CL clay - -
Sample 
No.
SphericityAngularityUSCS
Primary Grain 
Size
Depth (m) Mid-elev. 
(m, MSL)
Table 4.29.  Grain Characteristics for FHS-SPTE-1 Soils. 
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from to coarse medium fine
5.3 1.52 1.68 20.3 0.00 0.00 0.05 80.69 1.76 17.50 80.74 19.26
5.8 1.68 1.83 20.1 0.00 0.00 0.03 84.83 2.14 13.00 84.86 15.14
6.4 1.92 1.95 19.9 0.00 0.00 0.07 83.90 2.03 14.00 83.97 16.03
7.2 2.10 2.29 19.7 0.00 53.32 5.83 39.51 - - 98.66 1.34
7.8 2.29 2.44 19.5 0.00 0.00 0.04 95.12 1.34 3.50 95.16 4.84
8.8 2.59 2.74 19.2 13.08 0.29 0.07 76.25 0.30 10.00 76.61 10.31
9.3 2.74 2.90 19.1 0.00 0.00 0.08 86.79 2.53 10.60 86.87 13.13
9.8 2.90 3.05 18.9 9.78 0.52 0.04 81.02 0.44 8.20 81.58 8.64
10.6 3.14 3.32 18.6 0.00 0.19 0.08 86.97 2.06 10.70 87.24 12.76
11.2 3.32 3.51 18.5 0.00 0.00 0.07 92.24 1.19 6.50 92.31 7.69
11.8 3.51 3.66 18.3 0.00 0.12 7.55 83.20 2.03 7.10 90.87 9.13
12.8 3.86 3.93 18.0 0.55 0.03 0.17 88.35 1.90 9.00 88.55 10.90
13.3 3.99 4.11 17.8 0.00 0.12 21.57 66.20 2.70 9.40 87.89 12.11
13.8 4.11 4.27 17.7 7.82 2.22 12.39 67.19 0.98 9.40 81.80 10.38
14.7 4.33 4.60 17.4 0.00 0.03 3.50 89.46 1.31 5.70 92.99 7.01
15.7 4.82 4.88 17.0 2.52 0.23 3.22 53.14 26.39 14.50 56.59 40.89
16.4 4.88 5.11 16.9 0.00 0.21 3.36 60.75 25.68 10.00 64.32 35.68
17.2 5.12 5.33 16.6 3.13 0.08 2.73 51.94 31.31 10.80 54.75 42.12
17.8 5.33 5.49 16.5 0.00 0.32 2.83 50.54 29.31 17.00 53.69 46.31
18.8 5.64 5.79 16.2 18.12 0.56 1.78 40.19 23.85 15.50 42.53 39.35
19.3 5.79 5.94 16.0 0.00 0.35 2.34 47.21 32.70 17.40 49.90 50.10
Clay
Mid-elev. 
(m, MSL)
Fraction Percent
Sample 
No.
Depth (m)
Gravel Silt
Sand Total 
Sand
< #200
Table 4.30.  Grain Size Fractions for FHS-SPTE-1 Soils. 
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Notes:
• Sample 6.4 contains 11% sandy clay nodules.
• Sample 7.2 contains 21% sandy clay nodules.
• Sample 9.3 contains 13% sandy clay nodules.
• Sample 9.8 contains 10% sandy clay nodules.
• Sample 12.8 contains 1% sandy clay nodules.
• Sample 13.8 contains 10% sandy clay nodules.
Soils below 4.6 m (15 ft) are of the Cooper Group.
Cooper Group sediments
Source sand
Figure 4.58.  Grain Size Distribution for Soils from FHS-SPTE-1. 
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4.3.1.3  Hollywood 
For the liquefiable source soils tested in HWD-SPTE-1 (from the watertable depth 
of 1.68 m to 4.11 m deep), the soils consist of dark grayish brown, dark yellowish brown, 
dark olive gray, and olive brown silty sand (SM), silt (ML), and poorly graded silty sand 
(SP-SM).  Limited testing showed the soils had low to medium plasticity.  Dilatancy was 
predominately rapid, dry strength ranged from very low to high, and there was a 
sulfurous odor for most samples.  The soils within the liquefiable layer had no reaction 
with HCl except in one case where shells were present. 
 
Figure 4.59.  Grain Size Fraction Distribution for Soils from FHS-SPTE-1. 
 235 
Table 4.31.  Grain Diameters at 10, 30, 50, and 60% Passing for FHS-SPTE-1 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size (mm) 
Cu Cc 
from to D10 D30 D50 D60 
5.3 1.52 1.68 20.3 - 0.120 0.140 0.151 - - 
5.8 1.68 1.83 20.1 0.0007 0.130 0.150 0.150 214.3 161.0 
6.4 1.92 1.95 19.9 - 0.130 0.147 0.151 - - 
7.2 2.10 2.29 19.7 0.1490 0.190 1.600 4.600 30.9 0.1 
7.8 2.29 2.44 19.5 0.1200 0.151 0.171 0.183 1.5 1.0 
8.8 2.59 2.74 19.2 0.0050 0.111 0.113 0.115 23.0 21.4 
9.3 2.74 2.90 19.1 0.0031 0.132 0.159 0.169 54.5 33.3 
9.8 2.90 3.05 18.9 0.0800 0.134 0.170 0.180 2.3 1.2 
10.6 3.14 3.32 18.6 0.0033 0.138 0.151 0.160 48.5 36.1 
11.2 3.32 3.51 18.5 0.1000 0.140 0.159 0.168 1.7 1.2 
11.8 3.51 3.66 18.3 0.0870 0.201 0.256 0.280 3.2 1.7 
12.8 3.86 3.93 18.0 0.0250 0.141 0.170 0.186 7.4 4.3 
13.3 3.99 4.11 17.8 0.0083 0.147 0.191 0.232 28.0 11.2 
13.8 4.11 4.27 17.7 0.0900 0.220 0.260 0.280 3.1 1.9 
14.7 4.33 4.60 17.4 0.1100 0.167 0.220 0.250 2.3 1.0 
15.9 4.82 4.88 17.0 - 0.071 0.080 0.115 - - 
16.4 4.88 5.11 16.9 0.0057 0.056 0.087 0.152 26.7 3.6 
17.2 5.12 5.33 16.6 0.0046 0.090 0.084 0.138 30.0 12.8 
17.8 5.33 5.49 16.5 0.0017 0.033 0.081 0.100 58.8 6.4 
18.8 5.64 5.79 16.2 0.0020 0.040 0.106 0.180 90.0 4.4 
19.3 5.79 5.94 16.0 0.0016 0.031 0.075 0.096 60.0 6.3 
 
With the exception of one sample, which consisted silt, the primary grain size was fine 
sand.  The grains were found to be angular to subangular and predominately 
subspheroidal to subelongate. 
Soils above the liquefiable layer consisted exclusively of silty sand (SM) that was 
shades of dark brown and black.  Plasticity was low for one sample tested.  Dilatancy was 
rapid, dry strength ranged from low to high, and the surface sample had an organic odor.  
There were no reactions with HCl.  All samples tested contained fine sand as the primary 
grain size and had angular to subround, subspheroidal to elongate grains. 
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Soils below the liquefiable layer consisted of very dark olive gray, very dark olive, and 
olive black soils that were classified as clayey sand (SC), silty sand (SM), and clayey 
silty sand (SC-SM).  One sample of lean clay (CL) was tested.  Slow to medium-rapid 
dilatancy was observed, there was no odor, and dry strength ranged from medium to high.   
The CL soil had no dilatancy, no odor, and very high dry strength.  All soils, except for 
one, contained white shells and shell fragments, which reacted with HCl.   
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Figure 4.60.  Grain Diameter Variation with Depth at 10, 30, 50, and 60% Passing 
for Soils from FHS-SPTE-1. 
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Table 4.32.  Atterberg Limits for Soils from FHS-SPTE-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
5.3 1.52 1.68 20.3 - 18 - - SC 
8.8 2.59 2.74 19.2 27 18 9 CL SP-SC 
9.8 2.90 3.05 18.9 - 21 - - SP-SC 
12.8 3.86 3.93 18.0 25 17 8 CL SP-SC 
13.3 3.99 4.11 17.8 20 13 7 CL-ML SW-SC 
16.4 4.88 5.11 16.9 30 23 7 CL SC 
17.2 5.12 5.33 16.6 40 27 13 ML SM 
17.8 5.33 5.49 16.5 36 19 17 CL SC 
18.8 5.64 5.79 16.2 33 20 13 CL SC 
19.3 5.79 5.94 16.0 34 18 16 CL CL 
 
Table 4.33.  Specific Gravity Values for Soils 
from FHS-SPTE-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
5.3 1.52 1.68 20.27 2.652 
5.8 1.68 1.83 20.12 2.661 
6.4 1.92 1.95 19.93 2.658 
7.8 2.29 2.44 19.51 2.661 
8.8 2.59 2.74 19.20 2.659 
9.3 2.74 2.90 19.05 2.651 
9.8 2.90 3.05 18.90 2.659 
10.6 3.14 3.32 18.64 2.650 
11.2 3.32 3.51 18.46 2.660 
11.8 3.51 3.66 18.29 2.658 
12.8 3.86 3.93 17.97 2.648 
13.3 3.99 4.11 17.82 2.650 
13.8 4.11 4.27 17.68 2.668 
14.7 4.33 4.60 17.40 2.663 
15.9 4.82 4.88 17.02 2.715 
16.4 4.88 5.11 16.88 2.750 
17.2 5.12 5.33 16.64 2.720 
17.8 5.33 5.49 16.46 2.744 
18.8 5.64 5.79 16.16 2.738 
19.3 5.79 5.94 16.00 2.733 
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Clayey Sand (fine) (SC), lt. yellowish brown; sand, angular-subangular, subspheroidal-subelongate; no dilatancy, high strength.
Clayey Sand (fine) (SC), pale yellow; 80.7% sand, subangular-subround; 0.0% gravel, 1.8% silt, 17.5% clay, slow dilatancy, high strength.
Clayey Sand (fine) (SC), pale yellow; 84.0% sand, subangular; 0.0% gravel, 2.0% silt, 14.0% clay, slow dilatancy, high strength, clayey sand nodules.
Poorly-graded Sand (fine) (SP), white; 95.2% sand, angular, subspheroidal-subelongate; 0.0% gravel, 1.3% silt, 3.5% clay, rapid dilatancy, low strength.
Poorly-graded Sand (fine) with clay (SP-SC), pale yellow; 87.2% sand, angular-subangular; 0.0% gravel, 2.1% silt, 10.7% clay, v. slow dilatancy, low 
strength.
Poorly-graded Sand (fine) with clay (SP-SC), pale yellow; 81.6% sand, angular-subangular, subspheroidal-subelongate; 9.8% gravel, 0.4% silt, 8.2% 
clay, v. slow dilatancy, low strength, clayey sand nodules.
Clayey Sand (fine) (SC), lt. gray; angular-subangular, subspheroidal-subelongate; no dilatancy, high strength.
Poorly-graded Sand (coarse) (SP); 98.7% sand; 0.0% gravel, 0.0% silt, 0.0% clay, clayey sand nodules.
Poorly-graded Sand (fine) with clay (SP-SC), lt. gray; 86.9% sand, subangular; 0.0% gravel, 2.5% silt, 10.6% clay, slow dilatancy, high strength.
Poorly-graded Sand (fine) with clay (SP-SC), lt. yellowish brown; 76.6% sand, angular-subangular, subspheroidal-subelongate; 13.1% gravel, 0.3% 
silt, 10.0% clay, v. slow dilatancy, medium strength, clayey sand nodules.
Clayey Sand (fine) (SC), lt. yellowish brown; angular-subangular, subspheroidal-subelongate; slow dilatancy, high strength.
Clayey Sand (fine) (SC), lt. yellowish brown; 84.9% sand, angular-subangular, subspheroidal-subelongate; 0.0% gravel, 2.1% silt, 13.0% clay, slow 
dilatancy, medium strength.
Clayey Sand (fine) (SC), brownish-yellow; angular-subangular, subspheroidal-subelongate; v. slow dilatancy, high strength.
Clayey Sand (fine) (SC), lt. grayish brown; angular-subangular, subspheroidal-subelongate; no dilatancy, high strength.
Clayey Sand (fine) (SC), yellow; sand, angular-subangular, subspheroidal-subelongate; v. slow dilatancy, high strength.
Silty Sand (fine) (SM), dk. olive gray; 54.8% sand, subangular-subround, subspheroidal-subelongate; 3.1% gravel, 31.3% silt, 10.8% clay, no 
dilatancy, high strength, dk. fossil tests.
Sandy (fine) lean Clay (CL), v. dk. grayish brown; 49.9% sand, subround, subspheroidal; 0.0% gravel, 32.7% silt, 17.4% clay, v. slow dilatancy, high 
strength.
Silty Sand (fine) (SM), olive brown; 56.6% sand, subangular-subround; 2.5% gravel, 26.4% silt, 14.5% clay, slow dilatancy, high strength.
Clayey Sand (fine) (SC), olive brown; 42.5% sand, subangular, subspheroidal-subelongate; 18.1% gravel, 23.9% silt, 15.5% clay, no dilatancy, high 
strength.
Clayey Sand (fine) (SC), olive brown; 64.3% sand; 0.0% gravel, 25.7% silt, 10.0% clay.
Sand (fine), olive brown, subangular-subround, no dilatancy, high strength, dk. fossil tests.
Poorly-graded Sand (fine) (SP), pale yellow; 93.0% sand, subangular; 0.0% gravel, 1.3% silt, 5.7% clay, medium dilatancy, low strength.
Well-graded Sand (fine) with clay (SW-SC), dk. yellowish brown; 81.8% sand, subangular-subround, subspheroidal-subelongate; 7.8% gravel, 1.0% 
silt, 9.4% clay, medium dilatancy, medium strength, clayey sand nodules.
Poorly-graded Sand (fine) with clay (SP-SC), pale yellow; 92.3% sand, subangular; 0.0% gravel, 1.2% silt, 6.5% clay, med. dilatancy, low strength.
Well-graded Sand (fine) with clay (SW-SC), lt. gray; 87.9% sand, subangular; 0.0% gravel, 2.7% silt, 9.4% clay, slow dilatancy, high strength.
Poorly-graded Sand (fine) with clay (SP-SC), lt. brownish gray; 90.9% sand, subangular, subspheroidal-subelongate; 0.0% gravel, 2.0% silt, 7.1% 
clay, slow dilatancy, medium-high strength.
Poorly-graded Sand (fine) with clay (SP-SC), pale yellow; 88.6% sand, subangular; 0.6% gravel, 1.9% silt, 9.0% clay, med. dilatancy, med. strength.
Clayey Sand (fine) (SC), dk. grayish brown; 53.7% sand, subangular-subround; 0.0% gravel, 29.3% silt, 17.0% clay, v. slow dilatancy, high strength.
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T = specimen tested
Figure 4.61.  Soil Profile and Descriptions shown with Piston Tube Sample Intervals and CTX and 
Microscopy Sample Elevations at Four Hole Swamp. 
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For the SC, SM, and SC-SM soils, the primary grain size was fine sand and the 
sand grains were predominately angular to subangular and subspheroidal to subelongate. 
Tables 4.34 and 4.35 summarize the index characteristics and grain 
characteristics, respectively, of all soils tested from FHS-SPTE-1. 
Grain size distribution tests of soils within the liquefiable source layer showed the 
uppermost sample (No. 6.0) contained 2.28% gravel, 1.43% coarse sand, 13.76% medium 
sand, 22.91% fine sand, 53.32% silt, and 59.62% clay.  The other four samples tested had 
no gravel or coarse sand, medium sand content from 0.22 to 2.65%, fine sand content 
from 84.32 to 90.32%, total sand content from 86.57 to 91.89%, silt content from 3.03 to 
9.53%, clay content from 3.50 to 9.30%, and fines (< #200) ranged from 8.11 to 13.43%. 
One grain size analysis was performed in soil above the liquefiable layer.  It 
contained 0.08% medium sand, 86.51% fine sand, 86.51% total sand, 4.81% silt, 8.60% 
clay, and fines content of 13.41%. 
Soils below the liquefiable layer had the following grain size content ranges: 
gravel from 0.00 to 12.26%, coarse sand from 0.00 to 5.74%, medium sand from 0.45 to 
23.43%, fine sand from 43.06 to 84.10%, total sand from 61.84 to 85.34%, silt from 5.52 
to 24.23%, clay from 5.50 to 13.50%, and fines (< #200) from 13.42 to 37.73%.  Table 
4.36 includes the percentages of grain sizes for all soils tested from FHS-SPTE-1.  The 
grain size distribution curves, shown in Figure 4.62, shows the liquefiable source soils 
(sample numbers 6.2 through 10.8) are well-sorted (poorly-graded).  Soils below this are 
predominately well-sorted.  Sample numbers 18.8, 20.8, and 22.2 contained significant 
amounts of shells and shell fragments – 10%, 9%, and 44%, respectively. 
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Figure 4.63 shows the grain size fraction distribution with depth.  Small amounts 
of gravel are present, but show no trend.  Total sand, fine sand, silt, and clay percentages 
remain relatively constant within the liquefiable layer.  There is a decrease of fine sand 
content and in increase of silt content with depth immediately below the liquefiable layer. 
The grain size diameters for the liquefiable source sand at D10 ranged from 0.0250 
to 0.0780 mm (average 0.0520 mm), at D30 ranged from 0.050 to 0.105 mm (average 
0.089 mm), at D50 ranged from 0.062 to 0.130 mm (average 0.105 mm), and at D60 
ranged from 0.080 to 0.140 mm (average 0.117 mm).  The Cu values ranged from 1.6 to 
5.6 (average 2.7) and the Cc values ranged from 0.8 to 3.2 (average 1.5). 
The grain size diameters for the soils underlying the source sand at D10 ranged 
from 0.0016 to 0.0430 mm (average 0.0147 mm), at D30 ranged from 0.054 to 0.120 mm 
(average 0.095 mm), at D50 ranged from 0.084 to 0.190 mm (average 0.123 mm), and at 
D60 ranged from 0.090 to 0.460 mm (average 0.164 mm).  The Cu values ranged from 3.5 
to 66.3 (average 19.1) and the Cc values ranged from 1.4 to 17.2 (average 7.5). 
Table 4.37 contains D10, D30, D50, D60, Cu, and Cc values for all soils tested from 
HWD-SPTE-1.  Figure 4.64 shows the distribution of grain diameters with depth for all 
soils tested from HWD-SPTE-1.  Soils from within the liquefiable layer have lower grain 
diameters at 10, 30, 50, and 60% passing than soils underlying the layer.  Sample 22.2 
showed a much larger D60 grain size. 
Atterberg limit tests were performed on soils below the liquefiable layer and 
resulted in soils classified as CL, CL-ML, and ML for the < #40 sieve grain size fraction.  
However, the USCS classification indicated silty sand (SM), clayey silty sand (SC-SM), 
poorly-graded silty sand (SP-SM), poorly-graded clayey sand (SP-SC), and lean clay 
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(CL).  The liquid limits ranged from 21 to 28 (33 for CL) and the plasticity indexes 
ranged from 2 to 7 (18 for CL).  The Atterberg limit test data are summarized in Table 
4.38 for soils tested from HWD-SPTE-1. 
Specific gravity within the liquefiable soil ranged from 2.640 to 2.702 with an 
average value of 2.663.  The sediments underlying the liquefiable layer had slightly 
higher specific gravities that ranged from 2.683 to 2.702 with an average value of 2.689.  
Two samples above the liquefiable layer had specific gravities of 2.640 and 2.651.  The 
values for all soils tested are given in Table 4.39. 
Figure 4.65 summarizes the soil index testing information in log format and 
indicates the depth intervals for samples that were tested.  Also shown are the depths of 
the cyclic triaxial test specimens and microscopy specimens. 
 
4.3.1.4  Sampit 
For the liquefiable source soils tested in SAM-SPTE-1 (from the watertable depth 
of 1.74 m to 6.55 m deep), the soils consist of black, very dark brown, very dark grayish 
brown, light olive brown, olive brown, and dark olive brown poorly graded sand (SP) and 
poorly-graded silty sand (SP-SM).  Dilatancy was rapid, dry strength ranged 
predominately from none to low, few samples had a slightly sulfurous odor, and no 
samples reacted with HCl.  The primary grain size was fine sand.  The grains were found 
to be angular to subangular and subspheroidal to elongate.  Soils above the liquefiable 
layer consisted exclusively of silty sand (SM), poorly-graded sand (SP), poorly-graded 
silty sand (SP-SM), and poorly-graded clayey sand (SP-SC) that was mostly black and 
very dark brown. 
  
2
4
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Table 4.34.  Index Characteristics for Soils from HWD-SPTE-1. 
 
 
 
from to
0.8 0.00 0.46 8.6 SM - rapid organic low ( - ) v. dk. brown
2.6 0.61 0.98 8.0 SM - rapid none low ( - ) reddish black
3.8 1.07 1.22 7.6 SM - rapid none medium ( - ) dk. reddish brown
4.7 1.22 1.62 7.4 SP-SC low rapid none high ( - ) v. dk. grayish brown
6.2 1.83 1.92 6.9 ML low rapid none high ( - ) dk. grayish brown
6.7 1.92 2.16 6.7 SP-SC - rapid sl. sulfurous high ( - ) dk. brown
7.8 2.29 2.44 6.4 SM - rapid sl. sulfurous low ( - ) lt. olive brown
8.6 2.44 2.80 6.2 SP-SM - rapid none medium ( - ) dk. yellowish brown
9.8 2.90 3.05 5.8 SP - mod. sulfurous v. low ( - ) dk. olive gray
10.8 3.05 3.51 5.5 SP-SM - rapid sl. sulfurous low ( - ) olive brown
11.8 3.51 3.66 5.2 SM medium medium none medium ( + ) dk. olive black (w/ white shell fragments)
12.8 3.66 4.11 4.9 SP-SM - rapid sl. sulfurous low ( - ) dk. olive gray
13.8 4.11 4.27 4.6 SP-SC low slow none high ( + ) v. dk. olive (w/ white shells and fragments)
14.8 4.27 4.72 4.3 SM - slow none high ( + ) dk. olive gray
15.8 4.72 4.88 4.0 SP-SC medium slow none high ( + ) v. dk. olive (w/ white shell fragments)
16.3 4.88 5.03 3.8 SM - slow none high ( + ) dk. olive gray (w/ white shell fragments)
16.8 5.03 5.21 3.7 SM - none none high ( + ) black (olive) (w/ white shells and fragments)
17.8 5.33 5.49 3.4 SM medium med.-rapid none medium ( + ) v. dk. olive (w/ white shells and fragments)
18.8 5.49 5.94 3.1 SM - medium none high ( + ) v. dk. gray (w/ white shell frgaments)
19.8 5.94 6.10 2.8 SM non moderate none med.-high ( + ) v. dk. olive (w/ white shell frgaments)
20.8 6.10 6.55 2.5 SC-SM - medium none high ( + ) v. dk. gray (w/ white shells and fragments)
21.8 6.55 6.71 2.2 SP-SM low medium none med.-high ( + ) v. dk. olive (w/ white shell fragments)
22.2 6.71 6.80 2.0 SC-SM - slow none - ( + ) v. dk. gray (w/ white shells and fragments)
22.9 6.80 7.16 1.8 SP-SM - medium none high ( + ) dk. olive gray (w/ white shell fragments)
23.9 7.16 7.41 1.5 SP-SC - medium none high ( + ) dk. olive gray (w/ white shell fragments)
24.6 7.41 7.56 1.3 SP-SC - slow none high ( + ) dk. olive gray (w/ white shell fragments)
25.1 7.56 7.71 1.1 CL - none none high-v. high ( + ) black (olive) (w/ white shell fragments)
Sample 
No.
Plasticity
Depth (m) Mid-elev. 
(m, MSL)
USCS HClDry StrengthOdorDilatancy Color
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Table 4.35.  Grain Characteristics for Soils from HWD-SPTE-1. 
 
from to
0.8 0.00 0.46 8.6 SM fine Sand angular to subround subspheroidal to elongate
2.6 0.61 0.98 8.0 SM fine Sand angular to subangular subspheroidal to elongate
3.8 1.07 1.22 7.6 SM fine Sand subangular to subround subspheroidal to elongate
4.7 1.22 1.62 7.4 SP-SC fine Sand angular to subangular -
6.2 1.83 1.92 6.9 ML Silt subangular -
6.7 1.92 2.16 6.7 SP-SC fine Sand angular to subangular subspheroidal to elongate
7.8 2.29 2.44 6.4 SM fine Sand angular to subangular subspheroidal
8.6 2.44 2.80 6.2 SP-SM fine Sand angular subspheroidal to elongate
9.8 2.90 3.05 5.8 SP fine Sand angular to subangular subspheroidal to subelongate
10.8 3.05 3.51 5.5 SP-SM fine Sand angular subspheroidal
11.8 3.51 3.66 5.2 SM fine Sand angular to subangular subspheroidal to subelongate
12.8 3.66 4.11 4.9 SP-SM fine Sand angular subspheroidal to elongate
13.8 4.11 4.27 4.6 SP-SC fine Sand angular to subangular subspheroidal
14.8 4.27 4.72 4.3 SM fine Sand angular to subangular subspheroidal to subelongate
15.8 4.72 4.88 4.0 SP-SC fine Sand angular to subangular subspheroidal
16.3 4.88 5.03 3.8 SM fine Sand angular to subangular subspheroidal to subelongate
16.8 5.03 5.21 3.7 SM fine Sand angular to subround subspheroidal to elongate
17.8 5.33 5.49 3.4 SM fine Sand angular to subangular subspheroidal to subelongate
18.8 5.49 5.94 3.1 SM fine Sand angular to subangular subspheroidal to elongate
19.8 5.94 6.10 2.8 SM fine Sand angular to subangular subspheroidal to subelongate
20.8 6.10 6.55 2.5 SC-SM fine Sand subround subspheroidal to subelongate
21.8 6.55 6.71 2.2 SP-SM fine Sand angular to subangular -
22.2 6.71 6.80 2.0 SC-SM fine Sand angular to subangular subspheroidal to subelongate
22.9 6.80 7.16 1.8 SP-SM fine Sand angular to subangular subspheroidal to subelongate
23.9 7.16 7.41 1.5 SP-SC fine Sand angular to subangular subspheroidal to subelongate
24.6 7.41 7.56 1.3 SP-SC fine Sand angular subspheroidal to subelongate
USCS Angularity Sphericity
Depth (m) Mid-elev. 
(m, MSL)
Sample 
No.
Primary 
Grain Size
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Table 4.36.  Grain Size Fractions for HWD-SPTE-1 Soils. 
 
 
 
 
from to coarse medium fine
4.7 1.22 1.62 7.4 0.00 0.00 0.08 86.51 4.81 8.60 86.59 13.41
6.2 1.83 1.92 6.9 2.28 1.43 13.76 22.91 53.32 6.30 38.10 59.62
6.7 1.92 2.16 6.7 0.00 0.00 0.22 87.45 3.03 9.30 87.67 12.33
8.6 2.44 2.80 6.2 0.00 0.00 2.65 84.32 7.90 5.10 86.97 13.03
10.8 3.05 3.51 5.5 0.00 0.00 1.57 90.32 4.61 3.50 91.89 8.11
12.8 3.66 4.11 4.9 0.00 0.00 0.30 86.27 9.53 3.90 86.57 13.43
14.8 4.27 4.72 4.3 0.11 0.35 0.85 69.63 21.76 7.30 70.83 29.06
16.3 4.88 5.03 3.8 0.12 0.59 1.12 64.84 23.63 9.70 66.55 33.33
16.8 5.03 5.21 3.7 0.43 2.27 9.97 49.60 24.23 13.50 61.84 37.73
18.8 5.49 5.94 3.1 2.44 1.95 2.16 71.01 14.04 8.40 75.12 22.44
20.8 6.10 6.55 2.5 3.18 5.53 22.92 53.13 7.24 8.00 81.58 15.24
22.2 6.71 6.80 2.0 12.26 5.74 23.43 43.06 7.91 7.91 72.23 15.51
22.9 6.80 7.16 1.8 0.00 0.00 6.53 78.53 9.44 5.50 85.06 14.94
23.9 7.16 7.41 1.5 1.24 0.48 0.76 84.10 5.52 7.90 85.34 13.42
24.6 7.41 7.56 1.3 0.00 0.08 0.45 82.99 6.68 9.80 83.52 16.48
Mid-elev. 
(m, MSL)
Sand Total 
Sand
< #200Silt
Sample 
No.
Depth (m)
Clay
Fraction Percent
Gravel
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Figure 4.62.  Grain Size Distribution for Soils from HWD-SPTE-1. 
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• Sample 22.2 contains 44% shells and shell 
fragments retained on #40 sieve.
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Dilatancy was rapid, dry strength ranged from none to low, and the surface sample had an 
organic odor.  There were no reactions with HCl.  All samples tested contained fine sand 
as the primary grain size and had angular to subround, subspheroidal to elongate grains. 
Soils below the liquefiable layer consisted of very dark gray and very dark 
grayish brown soils that were classified as clayey sand (SC), lean clay (CL), poorly-
graded clayey sand (SP-SC), and CL-ML.  All samples had a slightly sulfurous odor and 
dry strength ranged from medium to very high.  No soil samples reacted with HCl.  For 
the SC and SP-SC soils, the primary grain size was fine sand and the sand grains were 
Figure 4.63.  Grain Size Fraction Distribution for Soils from HWD-SPTE-1. 
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angular to subangular and spheroidal to subspheroidal (SC) and subspheroidal to elongate 
(SP-SC). 
Tables 4.40 and 4.41 summarize the index characteristics and grain 
characteristics, respectively, of all soils tested from SAM-SPTE-1. 
 
Table 4.37.  Grain Diameters at 10, 30, 50, and 60% Passing from HWD-SPTE-1 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size (mm) 
Cu Cc 
from to D10 D30 D50 D60 
4.7 1.22 1.62 7.4 0.0130 0.110 0.130 0.140 10.8 6.6 
6.2 1.83 1.92 6.9 0.0390 0.050 0.062 0.080 2.1 0.8 
6.7 1.92 2.16 6.7 0.0250 0.105 0.130 0.140 5.6 3.2 
8.6 2.44 2.80 6.2 0.0580 0.101 0.120 0.131 2.3 1.3 
10.8 3.05 3.51 5.5 0.0780 0.098 0.110 0.126 1.6 1.0 
12.8 3.66 4.11 4.9 0.0600 0.090 0.101 0.110 1.8 1.2 
14.8 4.27 4.72 4.3 0.0146 0.075 0.084 0.090 6.2 4.3 
16.3 4.88 5.03 3.8 0.0056 0.072 0.086 0.092 16.4 10.1 
16.8 5.03 5.21 3.7 0.0016 0.054 0.096 0.106 66.3 17.2 
18.8 5.49 5.94 3.1 0.0100 0.080 0.094 0.100 10.0 6.4 
20.8 6.10 6.55 2.5 0.0160 0.120 0.160 0.207 12.9 4.3 
22.2 6.71 6.80 2.0 0.0190 0.110 0.190 0.460 24.2 1.4 
22.9 6.80 7.16 1.8 0.0430 0.120 0.140 0.150 3.5 2.2 
23.9 7.16 7.41 1.5 0.0165 0.110 0.127 0.135 8.2 5.4 
24.6 7.41 7.56 1.3 0.0056 0.110 0.128 0.135 24.1 16.0 
 
Grain size distribution tests of soils within the liquefiable source layer showed 
that soils contained no gravel, 0.00 to 2.57% coarse sand (average 0.27%), 0.30 to 
42.57% medium sand (average 10.24%), 51.11 to 96.50% fine sand (average 85.39%), 
90.31 to 97.79% total sand (average 95.90%), 0.70 to 4.48% silt (average 1.54%), 1.50 to 
5.20% clay (average 2.57%), and 2.21 to 9.69% fines (< #200) (average 4.10%). 
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Table 4.38.  Atterberg Limits for Soils from HWD-SPTE-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
AL 
USCS 
from to LL PL PI Chart 
14.8 4.27 4.72 4.3 28 23 5 ML SM 
16.8 5.03 5.21 3.7 27 20 7 CL-ML SM 
18.8 5.49 5.94 3.1 26 25 5 CL-ML SM 
20.8 6.10 6.55 2.5 23 19 4 CL-ML SC-SM 
22.9 6.80 7.16 1.8 21 19 2 ML SP-SM 
23.9 7.16 7.41 1.5 23 19 4 ML SP-SC 
24.6 7.41 7.56 1.3 - 19  - SP-SC 
25.1 7.56 7.71 1.1 33 15 18 CL CL 
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Figure 4.64.  Grain Diameter Variation with Depth at 10, 30, 50, and 60% Passing 
for Soils from HWD-SPTE-1. 
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Table 4.39. Specific Gravity Values for Soils 
from HWD-SPTE-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
4.7 1.22 1.62 7.4 2.640 
5.8 1.68 1.83 7.0 2.651 
6.2 1.83 1.92 6.9 2.651 
6.7 1.92 2.16 6.7 2.657 
8.6 2.44 2.80 6.2 2.663 
10.8 3.05 3.51 5.5 2.665 
12.8 3.66 4.11 4.9 2.675 
14.8 4.27 4.72 4.3 2.702 
16.3 4.88 5.03 3.8 2.692 
16.8 5.03 5.21 3.7 2.686 
18.8 5.49 5.94 3.1 2.687 
22.9 6.80 7.16 1.8 2.683 
23.9 7.16 7.41 1.5 2.683 
24.6 7.41 7.56 1.3 2.691 
 
Soils above the liquefiable layer (concurrent with above the watertable) had 
ranges of grain sizes as follows: no gravel, no coarse sand, 3.16 to 6.12% medium sand 
(average 4.74%), 79.84 to 91.56% fine sand (average 86.65%), 83.00 to 96.14% total 
sand (average 91.39%), 1.06 to 5.50% silt (average 3.11%), 2.30 to 11.50% clay (average 
5.50%), and 3.86 to 17.00% fines content (average 8.61%). 
Soils below the liquefiable layer had the following grain size content ranges: no 
gravel, coarse sand from 0.00 to 0.06% (average 0.02%), medium sand from 0.04 to 
1.28% (average 0.38%), fine sand from 32.70 to 90.16% (average 53.67%), total sand 
from 33.00 to 91.44% (average 54.07%), silt from 1.56 to 37.80% (average 21.38%), clay 
from 7.00 to 34.40% (average 24.56%), and fines (< #200) from 8.56 to 67.00% (average 
45.93%).  Table 4.42 includes the percentages of grain sizes for all soils tested from 
SAM-SPTE-1.  
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Figure 4.65.  Soil Profile and Descriptions shown with Piston Tube Sample Intervals and CTX and 
Microscopy Sample Elevations at Hollywood. 
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Silty Sand (fine) (SM), v. dk. brown; sand, angular to subround, subspheroidal to elongate; rapid dilatancy, low strength.
Poorly graded Sand (fine) with silt (SP-SM), olive brown; 91.9% sand, angular, subspheroidal; 0.0% gravel, 4.6% silt, 3.5% clay, rapid dilatancy, low 
strength.
Poorly graded Sand (fine) with clay (SP-SC), v. dk. olive; sand, angular to subangular, subspheroidal; slow dilatancy, high strength, white shells and 
shell fragments.
Silty Sand (fine) (SM), black (olive); 61.8% sand, angular to subround, subspheroidal to elongate; 0.4 % gravel, 24.2% silt, 13.5% clay, no dilatancy, 
high strength, white shells and shell fragments.
Silty Sand (fine) (SM), dk. olive gray; 66.6% sand, angular to subangular, subspheroidal to subelongate; 0.1 % gravel, 23.6% silt, 9.7% clay, slow 
dilatancy, high strength, white shell fragments.
Silty Sand (fine) (SM), dk. olive gray; 70.8% sand, angular to subangular, subspheroidal to subelongate; 0.1 % gravel, 21.8% silt, 7.3% clay, slow 
dilatancy, high strength.
Poorly graded Sand (fine) with silt (SP-SM), dk. olive gray; 86.6% sand, angular, subspheroidal to elongate; 0.0% gravel, 9.5% silt, 3.9% clay, rapid 
dilatancy, low strength.
Silty Sand (fine) (SM), dk. olive black; sand, angular to subangular, subspheroidal to subelongate; medium dilatancy, medium strength, white shell 
fragments.
Poorly graded Sand (fine) (SP), dk. olive gray; sand, angular to subangular, subspheroidal to subelongate; v. low strength.
Poorly graded Sand (fine) with silt (SP-SM), dk. yellowish brown; 87.0% sand, angular, subspheroidal to elongate; 0.0% gravel, 7.9% silt, 5.1% clay, 
rapid dilatancy, medium strength.
Silty Sand (fine) (SM), lt. olive brown; sand, angular to subangular, subspheroidal; rapid dilatancy, low strength.
Poorly graded Sand (fine) with clay (SP-SC), dk. brown; 87.7% sand, angular to subangular, subspheroidal to elongate; 0.0% gravel, 3.0% silt, 9.3% 
clay, rapid dilatancy, high strength.
Sandy Silt (ML), dk. grayish brown; 38.1% sand, subangular; 2.3 % gravel, 53.3% silt, 6.3% clay, rapid dilatancy, high strength.
Poorly graded Sand (fine) with clay (SP-SC), v. dk. grayish brown; 86.6% sand, angular to subangular; 0.0% gravel, 4.8% silt, 8.6% clay, rapid 
dilatancy, high strength.
Silty Sand (fine) (SM), dk. reddish brown; sand, subangular to subround, subspheroidal to elongate; rapid dilatancy, medium strength.
Silty Sand (fine) (SM), reddish black; sand, angular to subangular, subspheroidal to elongate; rapid dilatancy, low strength.
Poorly graded Sand (fine) with clay (SP-SC), v. dk. olive; sand, angular to subangular, subspheroidal; slow dilatancy, high strength, white shells and 
shell fragments.
T = specimen tested
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Figure 4.65, continued.  Soil Profile and Descriptions shown with Piston Tube Sample Intervals and CTX and 
Microscopy Sample Elevations at Hollywood. 
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Silty Sand (fine) (SM), v. dk. gray; 75.1% sand, angular to subangular, subspheroidal to elongate; 2.4 % gravel, 14% silt, 8.4% clay, medium dilatancy, 
high strength, 10% white shells and shell fragments retained on #10 sieve.
Sand (fine) with silt and clay (SC-SM), v. dk. gray; 81.6% sand, subround, subspheroidal to subelongate; 3.2 % gravel, 7.2% silt, 8.0% clay, 
medium dilatancy, high strength, 9% white shells and shell fragments retained on #10 sieve.
Poorly graded Sand (fine) with silt (SP-SM), v. dk. olive; sand, angular to subangular; medium dilatancy, med.-high strength, white shell fragments.
Lean Clay (CL), black (olive), no dilatancy, high-v. high strength, white shell fragments.
Poorly graded Sand (fine) with silt (SP-SM), dk. olive gray; 85.1% sand, angular to subangular, subspheroidal to subelongate; 0.0% gravel, 9.4% silt, 
5.5% clay, medium dilatancy, high strength, white shell fragments.
Poorly graded Sand (fine) with clay (SP-SC), dk. olive gray; 85.3% sand, angular to subangular, subspheroidal to subelongate; 1.2 % gravel, 5.5% 
silt, 7.9% clay, medium dilatancy, high strength, white shell fragments.
Sand (fine) with silt and clay (SC-SM), v. dk. gray; 72.2% sand, angular to subangular, subspheroidal to subelongate; 12.3 % gravel, 7.9% silt, 7.9% 
clay, slow dilatancy, 44% white shells and shell fragments retained on #40 sieve.
Silty Sand (fine) (SM), v. dk. olive; sand, angular to subangular, subspheroidal to subelongate; med.-rapid dilatancy, medium strength, white shells 
and shell fragments.
Poorly graded Sand (fine) with clay (SP-SC), dk. olive gray; 83.5% sand, angular, subspheroidal to subelongate; 0.0% gravel, 6.7% silt, 9.8% clay, 
slow dilatancy, high strength, white shell fragments.
Silty Sand (fine) (SM), v. dk. olive; sand, angular to subangular, subspheroidal to subelongate; medium dilatancy, med.-high strength, white shell 
fragments.
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The grain size distribution curves, shown in Figure 4.66, show the liquefiable 
source soils (sample numbers 7.2 through 21.2) are well-sorted (poorly-graded).  Soils 
below this are predominately poorly-sorted (well-graded).  Figure 4.67 shows the grain 
size fraction distribution with depth.  There was no gravel present in the soils.  The total 
sand content is high and constant through the liquefiable layer and then decreases.  The 
fine sand content varies with depth in the liquefiable layer, however, the silt and clay 
contents are low and constant.  Silt and clay content increase significantly below the 
liquefiable layer. 
The grain size diameters for the liquefiable source sand at D10 ranged from 0.0810 
to 0.1420 mm (average 0.1224 mm), at D30 ranged from 0.121 to 0.165 mm (average 
0.147 mm), at D50 ranged from 0.142 to 0.300 mm (average 0.173 mm), and at D60 
ranged from 0.152 to 0.560 mm (average 0.214 mm).  The Cu values ranged from 1.2 to 
4.2 (average 1.7) and the Cc values ranged from 0.3 to 1.7 (average 1.0). 
For soils overlying the liquefiable layer, the D10, D30, D50, and D60 values were as 
follows: 0.0032 to 0.1400 mm (average 0.1007 mm), 0.149 to 0.160 mm (average 0.153 
mm), 0.160 to 0.180 mm (average 0.167 mm), and 0.170 to 0.190 mm (average 0.180 
mm), respectively.  The Cu values ranged from 1.3 to 55.0 with an average of 10.4 and 
the Cc values ranged from 1.0 to 39.4 with an average of 7.5. 
The grain size diameters for the soils underlying the source sand at D10 ranged 
from 0.0013 to 0.0900 mm (average 0.0457 mm), at D30 ranged from 0.003 to 0.140 mm 
(average 0.037 mm), at D50 ranged from 0.028 to 0.150 mm (average 0.077 mm), and at 
D60 ranged from 0.050 to 0.155 mm (average 0.099 mm).  The Cu values ranged from 1.7 
to 96.9 (average 49.3) and the Cc values ranged from 1.4 to 7.9 (average 4.7). 
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Table 4.43 contains D10, D30, D50, D60, Cu, and Cc values for all soils tested from 
SAM-SPTE-1.  Figure 4.68 shows the distribution of grain diameters with depth for all 
soils tested from SAM-SPTE-1.  Soils from within the liquefiable layer have larger grain 
diameters at 10, 30, 50, and 60% passing than soils underlying the layer.  Samples 15.4 
and 17.3 showed the largest diameters at D50 and D60 – 0.300 and 0.560 mm and 0.230 
and 0.425 mm, respectively. 
Atterberg limit tests were performed on soils within the liquefiable layer.  Only 
one liquid limit value was valid from the tests – 22 for sample 8.9, which resulted in a 
plasticity index of zero and a classification of ML.  Plastic limit values were obtained for 
all samples, which ranged from 16 to 24.  Liquid limit values were not attainable for the 
soils above the liquefiable soil.  Liquid limits were obtained for clayey soils in the layer 
below the liquefiable layer.  The liquid limit values were from 25 to 42 and the plasticity 
indexes were from 6 to 20.  The soils were classified as CL and CL-ML for the < #40 
portion of the soils.  The Atterberg limit data are summarized in Table 4.44. 
Specific gravity within the liquefiable soil ranged from 2.580 to 2.662 with an 
average value of 2.642.  The sediments underlying the liquefiable layer had slightly 
higher specific gravities that ranged from 2.655 to 2.691 with an average value of 2.670.  
The specific gravities of samples above the liquefiable layer ranged from 2.631 to 2.697 
with an average of 2.650.  The values for all soils tested are given in Table 4.45. 
Figure 4.69 summarizes the soil index testing information in log format and 
indicates the depth intervals for samples that were tested.  Also shown are the depths of 
the cyclic triaxial test specimens and microscopy specimens. 
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from to
0.7 0.15 0.24 13.0 - rapid earthy - ( - ) very dark brown
1.1 0.24 0.40 12.9 SM - - very low ( - ) dark yellowish brown
1.4 0.40 0.46 12.8 SP-SM rapid none low ( - ) light olive brown
1.8 0.46 0.61 12.7 SP-SC rapid none none ( - ) very dark brown
3.0 0.73 1.07 12.3 SP-SM - - very low ( - ) black
4.6 1.34 1.43 11.8 SP rapid none very low ( - ) black
4.8 1.43 1.49 11.8 SP rapid none none ( - ) very dark brown
5.1 1.49 1.58 11.7 SP-SM rapid none none ( - ) black
5.6 1.58 1.83 11.5 SP-SM rapid none low ( - ) black
7.2 2.01 2.35 11.0 SP rapid none none ( - ) very dark brown
7.9 2.35 2.44 10.8 SP-SM rapid none low ( - ) black
8.9 2.59 2.83 10.5 SP-SM - - very low ( - ) black
9.4 2.83 2.90 10.4 SP rapid none very low ( - ) dark olive brown
9.9 2.99 3.05 10.2 SP-SM rapid none very low ( - ) light olive brown
11.1 3.23 3.51 9.9 SP rapid none low ( - ) olive brown
12.7 3.84 3.90 9.3 SP rapid none low ( - ) dark olive brown
13.3 3.99 4.11 9.2 SP rapid none low ( - ) very dark grayish brown
13.9 4.21 4.27 9.0 SP rapid sl. sulfurous none ( - ) olive brown
14.9 4.39 4.66 8.7 SP rapid none low ( - ) dark grayish brown
15.4 4.66 4.69 8.5 SP rapid none none ( - ) very dark grayish brown
15.8 4.72 4.88 8.4 SP rapid sl. sulfurous none ( - ) dark olive brown
16.8 5.06 5.18 8.1 SP rapid none low ( - ) dark olive gray
17.3 5.18 5.36 7.9 SP rapid none low ( - ) very dark gray
17.8 5.33 5.49 7.8 SP rapid sl. sulfurous none ( - ) olive brown
19.2 5.70 6.00 7.4 SP rapid none low ( - ) olive brown
19.9 6.00 6.10 7.2 SP-SC rapid sl. sulfurous low ( - ) light olive brown
21.2 6.34 6.55 6.8 SP-SM rapid sl. sulfurous medium ( - ) olive brown
23.0 6.86 7.16 6.2 CL - sl. sulfurous high-very high ( - ) very dark gray
25.4 7.65 7.83 5.5 SC - sl. sulfurous high ( - ) very dark gray
26.7 8.08 8.20 5.1 CL-ML - sl. sulfurous high ( - ) very dark gray
28.8 8.72 8.81 4.5 CL - sl. sulfurous high ( - ) very dark gray
33.3 10.06 10.24 3.1 SP-SC - sl. sulfurous medium ( - ) very dark grayish brown
ColorHClDilatancy Odor Dry Strength
Sample 
No.
USCS
Depth (m) Mid-elev. 
(m, MSL)
Table 4.40.  Index Characteristics for Soils from SAM-SPTE-1. 
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Table 4.41.  Grain Characteristics for Soils from SAM-SPTE-1. 
 
from to
1.1 0.24 0.40 12.9 SM fine Sand angular to subangular spheroidal to subspheroidal
1.4 0.40 0.46 12.8 SP-SM fine Sand angular subspheroidal to subelongate
1.8 0.46 0.61 12.7 SP-SC fine Sand angular to subround subspheroidal to elongate
3.0 0.73 1.07 12.3 SP-SM fine Sand angular subspheroidal to elongate
4.6 1.34 1.43 11.8 SP fine Sand angular to subangular subspheroidal to elongate
4.8 1.43 1.49 11.8 SP fine Sand angular to subangular subspheroidal to elongate
5.1 1.49 1.58 11.7 SP-SM fine Sand angular to subround subspheroidal to elongate
5.6 1.58 1.83 11.5 SP-SM fine Sand angular to subangular subspheroidal to elongate
7.2 2.01 2.35 11.0 SP fine Sand angular -
7.9 2.35 2.44 10.8 SP-SM fine Sand angular to subangular subspheroidal to subelongate
8.9 2.59 2.83 10.5 SP-SM fine Sand angular subspheroidal to elongate
9.4 2.83 2.90 10.4 SP fine Sand subangular subspheroidal to subelongate
9.9 2.99 3.05 10.2 SP-SM fine Sand angular to subangular subspheroidal to subelongate
11.1 3.23 3.51 9.9 SP fine Sand subangular -
12.7 3.84 3.90 9.3 SP fine Sand subangular subspheroidal to subelongate
13.3 3.99 4.11 9.2 SP fine Sand subangular -
13.9 4.21 4.27 9.0 SP fine Sand angular to subangular subspheroidal to subelongate
14.9 4.39 4.66 8.7 SP fine Sand subangular -
15.4 4.66 4.69 8.5 SP fine Sand angular to subangular subspheroidal to elongate
15.8 4.72 4.88 8.4 SP fine Sand angular to subangular subspheroidal to elongate
16.8 5.06 5.18 8.1 SP fine Sand subangular -
17.3 5.18 5.36 7.9 SP fine Sand angular -
17.8 5.33 5.49 7.8 SP fine Sand angular to subangular subspheroidal to elongate
19.2 5.70 6.00 7.4 SP fine Sand subangular -
19.9 6.00 6.10 7.2 SP-SC fine Sand angular to subangular subspheroidal to subelongate
21.2 6.34 6.55 6.8 SP-SM fine Sand subangular -
23.0 6.86 7.16 6.2 CL < #200 angular to subangular spheroidal to subspheroidal
25.4 7.65 7.83 5.5 SC fine Sand angular to subangular spheroidal to subspheroidal
26.7 8.08 8.20 5.1 CL-ML < #200 angular to subangular spheroidal to subspheroidal
28.8 8.72 8.81 4.5 CL < #200 angular to subangular spheroidal to subspheroidal
33.3 10.06 10.24 3.1 SP-SC fine Sand angular to subangular subspheroidal to elongate
Primary 
Grain Size
Angularity SphericityUSCS
Depth (m) Mid-elev. 
(m, MSL)
Sample 
No.
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Table 4.42.  Grain Size Fractions for SAM-SPTE-1 Soils. 
 
from to coarse medium fine
1.1 0.24 0.40 12.9 0.00 0.00 3.16 79.84 5.50 11.50 83.0 17.0
1.4 0.40 0.46 12.8 0.00 0.00 5.56 85.84 3.10 5.50 91.4 8.6
1.8 0.46 0.61 12.7 0.00 0.00 6.12 86.52 2.46 4.90 92.6 7.4
3.0 0.73 1.07 12.3 0.00 0.00 4.82 86.65 2.53 6.00 91.5 8.5
4.6 1.34 1.43 11.8 0.00 0.00 4.58 91.56 1.06 2.80 96.1 3.9
5.1 1.49 1.58 11.7 0.00 0.00 4.19 89.50 4.00 2.30 93.7 6.3
7.2 2.01 2.35 11.0 0.00 0.00 2.42 94.75 1.30 1.55 97.2 2.8
8.9 2.59 2.83 10.5 0.00 0.00 1.15 89.16 4.48 5.20 90.3 9.7
9.4 2.83 2.90 10.4 0.00 0.00 8.85 87.77 1.88 1.50 96.6 3.4
11.1 3.23 3.51 9.9 0.00 0.00 2.24 93.95 1.00 2.80 96.2 3.8
12.7 3.84 3.90 9.3 0.00 0.06 6.16 89.29 2.39 2.10 95.5 4.5
13.3 3.99 4.11 9.2 0.00 0.00 8.04 89.25 0.71 2.00 97.3 2.7
14.9 4.39 4.66 8.7 0.00 0.10 4.26 92.54 0.80 2.30 96.9 3.1
15.4 4.66 4.69 8.5 0.00 2.57 42.57 51.11 1.45 2.30 96.3 3.8
15.8 4.72 4.88 8.4 0.00 0.29 17.60 79.90 0.70 1.50 97.8 2.2
16.8 5.06 5.18 8.1 0.00 0.19 7.40 89.00 0.90 2.50 96.6 3.4
17.3 5.18 5.36 7.9 0.00 0.39 39.70 56.66 1.20 2.10 96.8 3.3
17.8 5.33 5.49 7.8 0.00 0.04 0.30 96.50 1.16 2.00 96.8 3.2
19.9 6.00 6.10 7.2 0.00 0.00 1.10 92.70 1.45 4.80 93.8 6.2
21.2 6.34 6.55 6.8 0.00 0.16 1.51 92.91 2.12 3.30 94.6 5.4
23.0 6.86 7.16 6.2 0.00 0.06 0.17 39.16 27.30 33.30 39.4 60.6
25.4 7.65 7.83 5.5 0.00 0.00 0.12 64.82 16.20 18.90 64.9 35.1
26.7 8.08 8.20 5.1 0.00 0.00 0.04 41.52 24.04 34.40 41.6 58.4
28.8 8.72 8.81 4.5 0.00 0.03 0.27 32.70 37.80 29.20 33.0 67.0
33.3 10.06 10.24 3.1 0.00 0.00 1.28 90.16 1.56 7.00 91.4 8.6
Sand
Fraction Percent
Gravel Silt
Depth (m) Mid-elev. 
(m, MSL)
Sample 
No.
Clay
Total 
Sand
< #200
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Figure 4.66.  Grain Size Distribution for Soils from SAM-SPTE-1.
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Additional grain size information was extracted from laboratory testing performed 
by Hu (2001).  Table 4.46 contains the percentage of grain size fractions for soils within 
the liquefiable layer from five borings.  Table 4.47 contains grain diameter data at points 
of 10, 30, 50, and 60% passing from the same five borings.  The minimum, maximum, 
and average data from the present study are compared to the data from Hu in Tables 4.48 
and 4.49. 
 
 
Figure 4.67.  Grain Size Fraction Distribution for Soils from SAM-SPTE-1. 
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Table 4.43.  Grain Diameters at 10, 30, 50, and 60% Passing for SAM-SPTE-1 Soils. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size 
Cu Cc 
from to D10 D30 D50 D60 
0.7 0.24 0.40 12.9 0.0032 0.149 0.160 0.176 55.0 39.4 
1.4 0.40 0.46 12.8 0.1060 0.150 0.160 0.170 1.6 1.2 
1.8 0.46 0.61 12.7 0.1200 0.160 0.180 0.190 1.6 1.1 
3.0 0.73 1.07 12.3 0.1100 0.150 0.160 0.180 1.6 1.1 
4.6 1.34 1.43 11.8 0.1400 0.155 0.170 0.180 1.3 1.0 
5.1 1.49 1.58 11.7 0.1250 0.155 0.170 0.182 1.5 1.1 
7.2 2.01 2.35 11.0 0.1380 0.165 0.190 0.210 1.5 0.9 
8.9 2.59 2.83 10.5 0.0810 0.150 0.155 0.160 2.0 1.7 
9.4 2.83 2.90 10.4 0.1300 0.150 0.160 0.175 1.3 1.0 
11.1 3.23 3.51 9.9 0.1400 0.150 0.160 0.165 1.2 1.0 
12.7 3.84 3.90 9.3 0.1190 0.145 0.160 0.170 1.4 1.0 
13.3 3.99 4.11 9.2 0.1350 0.150 0.160 0.180 1.3 0.9 
14.9 4.39 4.66 8.7 0.1280 0.146 0.152 0.158 1.2 1.1 
15.4 4.66 4.69 8.5 0.1330 0.158 0.300 0.560 4.2 0.3 
15.8 4.72 4.88 8.4 0.1250 0.149 0.155 0.170 1.4 1.0 
16.8 5.06 5.18 8.1 0.1200 0.140 0.150 0.152 1.3 1.1 
17.3 5.18 5.36 7.9 0.1420 0.160 0.230 0.425 3.0 0.4 
17.8 5.33 5.49 7.8 0.1110 0.132 0.149 0.158 1.4 1.0 
19.9 6.00 6.10 7.2 0.1140 0.147 0.156 0.160 1.4 1.2 
21.2 6.34 6.55 6.8 0.0970 0.121 0.142 0.155 1.6 1.0 
23.0 6.86 7.16 6.2 - 0.003 0.041 0.072 - - 
25.4 7.65 7.83 5.5 0.0013 0.036 0.115 0.126 96.9 7.9 
26.7 8.08 8.20 5.1 - 0.003 0.049 0.090 - - 
28.8 8.72 8.81 4.5 - 0.005 0.028 0.050 - - 
33.3 10.06 10.24 3.1 0.0900 0.140 0.150 0.155 1.7 1.4 
 
4.3.1.5  Ten Mile Hill Site A 
Soils that were available from exploration and testing in 1998 at Ten Mile Hill 
Site A underwent index testing, grain size analyses, and Atterberg limit testing.  At Site 
A, the liquefiable source soils (as defined by Hu et al. (2002a)) were light yellowish 
brown, very pale brown, pale yellow, and light brownish gray.  None of the soils 
exhibited plasticity, had an odor, or reacted with HCl, and all showed rapid dilatancy.  
Dry strength ranged from very low to low.   
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The primary grain size was fine sand and grains were angular to subangular and 
spheroidal to subelongate.  Soils were classified as poorly-graded sand (SP), poorly-
graded clayey sand (SP-SC), and poorly-graded silty sand (SP-SM).  Tables 4.50 and 
4.51 summarize the index characteristics and grain characteristics, respectively, of the 
soils tested from Ten Mile Hill Site A. 
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Figure 4.68.  Grain Diameter Variation with Depth at 10, 30, 50, and 60% Passing 
for Soils from SAM-SPTE-1. 
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Table 4.44.  Atterberg Limits for Soils from SAM-SPTE-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
1.1 0.24 0.40 12.9 - 15 - - SP-SC 
3.0 0.73 1.07 12.3 - 19 - - SP 
7.2 2.01 2.35 11.0 - 24 - - SP-SM 
8.9 2.59 2.83 10.5 22 24 0 ML SP 
11.1 3.23 3.51 9.9 - 22 - - SP 
13.3 3.99 4.11 9.2 - 22 - - SP 
14.9 4.39 4.66 8.7 - 25 - - SP 
17.3 5.18 5.36 7.9 - 16 - - SP 
19.2 5.70 6.00 7.4 - 21 - - SP-SC 
23.0 6.86 7.16 6.2 37 18 19 CL SC 
25.4 7.65 7.83 5.5 30 18 12 CL CL-ML 
26.7 8.08 8.20 5.1 25 19 6 CL-ML CL 
28.8 8.72 8.81 4.5 42 22 20 CL SP-SC 
33.3 10.06 10.24 3.1 - 19 - - SP-SC 
 
Grain size distribution tests of soils within the liquefiable source layer showed 
that soils contained no gravel or coarse sand, 0.00 to 2.38% medium sand (average 
0.45%), 84.32 to 95.24% fine sand (average 91.92%), 84.50 to 95.81% total sand 
(average 92.37%), 2.18 to 6.10% silt (average 3.91%), 2.00 to 9.57% clay (average 
3.85%), and 4.19 to 15.50% fines (< #200) (average 7.63%).  Table 4.52 includes the 
percentages of grain sizes for all soils tested at Site A.  The grain size distribution curve, 
shown in Figure 4.70, shows the liquefiable source soils are well-sorted (poorly-graded). 
The grain size diameters for the liquefiable source sand at D10 ranged from 0.0060 
to 0.1300 mm (average 0.0959 mm), at D30 ranged from 0.106 to 0.165 mm (average 
0.144 mm), at D50 ranged from 0.109 to 0.190 mm (average 0.159 mm), and at D60 
ranged from 0.160 to 0.210 mm (average 0.178 mm).  The Cu values ranged from 1.3 to 
26.7 (average 4.5) and the Cc values ranged from 0.7 to 20.4 (average 3.2).  Table 4.53 
summarizes the D10, D30, D50, D60, Cu, and Cc values. 
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Table 4.45.  Specific Gravity for Soils from 
SAM-SPTE-1. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
1.1 0.24 0.40 12.9 2.697 
1.4 0.40 0.46 12.8 2.654 
1.8 0.46 0.61 12.7 2.642 
3.0 0.73 1.07 12.3 2.631 
4.6 1.34 1.43 11.8 2.640 
5.1 1.49 1.58 11.7 2.636 
7.2 2.01 2.35 11.0 2.632 
8.9 2.59 2.83 10.5 2.580 
9.4 2.83 2.90 10.4 2.650 
11.1 3.23 3.51 9.9 2.640 
13.3 3.99 4.11 9.2 2.640 
14.9 4.39 4.66 8.7 2.649 
15.8 4.72 4.88 8.4 2.651 
16.8 5.06 5.18 8.1 2.652 
17.3 5.18 5.36 7.9 2.642 
17.8 5.33 5.49 7.8 2.645 
19.2 5.70 6.00 7.4 2.652 
19.9 6.00 6.10 7.2 2.653 
21.2 6.34 6.55 6.8 2.662 
23.0 6.86 7.16 6.2 2.691 
25.4 7.65 7.83 5.5 2.675 
26.7 8.08 8.20 5.1 2.664 
28.8 8.72 8.81 4.5 2.664 
33.3 10.06 10.24 3.1 2.655 
 
Atterberg limit tests were performed on soils within the liquefiable layer.  Liquid 
limit values ranged from 21 to 25 and plasticity index values ranged from 0 to 5 and soils 
were classified as CL-ML and ML for the < #40 portion.  The classifications of the soils 
using USCS were SP and SP-SC.  The data are presented in Table 4.54. 
Specific gravity within the liquefiable soil ranged from 2.646 to 2.674 with an 
average value of 2.653.  The values for all soils tested are given in Table 4.55. 
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Figure 4.69.  Soil Profile and Descriptions shown with Piston Tube Sample Intervals and CTX and 
Microscopy Sample Elevations at Sampit. 
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Sand (fine), v. dk. brown; sand, subangular, subspheroidal to subelongate; rapid dilatancy, organic fibers.
Poorly graded Sand (fine) (SP), olive brown; 96.2% sand, subangular; 0.0% gravel, 1.0% silt, 2.8% clay, low strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), v. dk. grayish brown; 97.3% sand, subangular; 0.0% gravel, 0.7% silt, 2.0% clay, low strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), dk. olive brown; 95.5% sand, subangular, subspheroidal to subelongate; 0.0% gravel, 2.4% silt, 2.1% clay, low 
strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), dk. olive brown; 97.8% sand, angular to subangular, subspheroidal to elongate; 0.0% gravel, 0.7% silt, 1.5% clay, no 
strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), dk. grayish brown; 96.9% sand, subangular; 0.0% gravel, 0.8% silt, 2.3% clay, low strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), v. dk. grayish brown; 96.3% sand, angular to subangular, subspheroidal to elongate; 0.0% gravel, 1.5% silt, 2.3% 
clay, no strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), olive brown; sand, angular to subangular, subspheroidal to subelongate; no strength, rapid dilatancy.
Poorly graded Sand (fine) with silt (SP-SM), lt. olive brown; sand, angular to subangular, subspheroidal to subelongate; v. low strength, rapid 
dilatancy.
Poorly graded Sand (fine) (SP), dk. olive brown; 96.6% sand, subangular, subspheroidal to subelongate; 0.0% gravel, 1.9% silt, 1.5% clay, v. low 
strength, rapid dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), black; 90.3% sand, angular, subspheroidal to elongate; 0.0% gravel, 4.5% silt, 5.2% clay, v. low 
strength, organic threads.
Poorly graded Sand (fine) with silt (SP-SM), black; sand, angular to subangular, subspheroidal to subelongate; low strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), v. dk. brown; 97.2% sand, angular; 0.0% gravel, 1.3% silt, 1.6% clay, no strength, rapid dilatancy.
Poorly graded Sand (fine) with silt (SP-SM), black; sand, angular to subangular, subspheroidal to elongate; low strength, rapid dilatancy.
Poorly graded Sand (fine) with silt (SP-SM), black; 93.7% sand, angular to subround, subspheroidal to elongate; 0.0% gravel, 4.0% silt, 2.3% clay, 
no strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), v. dk. brown; sand, angular to subangular, subspheroidal to elongate; no strength, rapid dilatancy, decayed roots.
Poorly graded Sand (fine) (SP), black; 96.1% sand, angular to subangular, subspheroidal to elongate; 0.0% gravel, 1.1% silt, 2.8% clay, v. low 
strength, rapid dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), black; 91.5% sand, angular, subspheroidal to elongate; 0.0% gravel, 2.5% silt, 6.0% clay, 
v. low strength.
Poorly graded Sand (fine) with clay (SP-SC), v. dk. brown; 92.6% sand, angular to subround, subspheroidal to elongate; 0.0% gravel, 2.5% silt, 
4.9% clay, no strength, rapid dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), lt. olive brown; 91.4% sand, angular, subspheroidal to subelongate; 0.0% gravel, 3.1% silt, 5.5% clay, 
v. low strength, rapid dilatancy.
Clayey Sand (fine) (SC), dk. yellowish brown; 83.0% sand, angular to subangular, subspheroidal to subspheroidal; 0.0% gravel, 5.5% silt, 11.5% 
clay, v. low strength.
T = specimen tested
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Figure 4.69, continued.  Soil Profile and Descriptions shown with Piston Tube Sample Intervals and CTX and 
Microscopy Sample Elevations at Sampit. 
18.5
18.0
17.5
16.5
15.7
16.1
T
T
T
T
T
2.25
3.25
4.25
5.25
6.25
7.25
8.25
E
le
v
a
ti
o
n
 (
ft
, 
M
S
L
)
C
T
X
 S
p
ec
im
en
 N
o
.
T
u
b
e 
S
am
p
le
 I
n
te
rv
al
C
T
X
 S
p
ec
im
en
M
ic
ro
sc
o
p
y
 S
p
ec
im
en
SPTE-1 Sample Interval
M
ic
ro
sc
o
p
y
 S
p
ec
im
en
 N
o
.
Poorly graded Sand (fine) (SP), dk. olive gray; 96.6% sand, subangular; 0.0% gravel, 0.9% silt, 2.5% clay, low strength, rapid dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), v. dk. grayish brown; 91.4% sand, angular to subangular, subspheroidal to elongate; 0.0% gravel, 1.6% 
silt, 7.0% clay, medium strength.
Sandy (fine) lean Clay (CL), v. dk. gray; 33.0% sand, angular to subangular, spheroidal to subspheroidal; 0.0% gravel, 37.8% silt, 29.2% clay, high 
strength.
Sandy (fine) lean Clay with silt (CL-ML), v. dk. gray; 41.6% sand, angular to subangular, spheroidal to subspheroidal; 0.0% gravel, 24.0% silt, 34.4% 
clay, high strength.
Clayey Sand (fine) (SC), v. dk. gray; 64.9% sand, angular to subangular, spheroidal to subspheroidal; 0.0% gravel, 16.2% silt, 18.9% clay, high 
strength.
Sandy (fine) lean Clay (CL), v. dk. gray; 39.4% sand, angular to subangular, spheroidal to subspheroidal; 0.0% gravel, 27.3% silt, 33.3% clay, high-
v. high strength.
Poorly graded Sand (fine) with clay (SP-SC), olive brown; 94.6% sand, subangular; 0.0% gravel, 2.1% silt, 3.3% clay, medium strength, rapid dilatancy.
Poorly graded Sand (fine) with clay (SP-SC), lt. olive brown; 93.8% sand, angular to subangular, subspheroidal to subelongate; 0.0% gravel, 1.5% silt, 
4.8% clay, low strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), olive brown; sand, subangular; low strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), olive brown; 96.8% sand, angular to subangular, subspheroidal to elongate; 0.0% gravel, 1.2% silt, 2.0% clay, no 
strength, rapid dilatancy.
Poorly graded Sand (fine) (SP), v. dk. gray; 96.8% sand, angular; 0.0% gravel, 1.2% silt, 2.1% clay, low strength, rapid dilatancy.
T = specimen tested
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Table 4.46.  Grain Size Fractions Extracted (2010) from Tests of Sampit Soils within the 
Liquefiable Soil Layer by Hu (2001). 
        Fraction Percent 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gravel 
Sand Total 
Sand 
< #200 
from to crs. med. fine 
SAM-01 9.8 2.74 3.20 9.2 0.0 0.0 3.5 91.4 94.9 5.2 
SAM-01 14.3 4.11 4.57 7.9 0.0 0.1 4.4 93.9 98.4 1.6 
SAM-02 11.3 3.20 3.66 9.6 0.0 0.0 7.4 91.1 98.5 1.5 
SAM-04 6.8 1.83 2.29 10.1 15.6 0.5 4.3 78.4 83.1 1.3 
SAM-04 8.0 2.29 2.59 9.7 0.0 0.0 7.9 90.4 98.3 1.7 
SAM-04 8.8 2.59 2.74 9.5 0.0 0.0 6.1 89.1 95.2 4.8 
SAM-04 9.8 2.74 3.20 9.2 0.0 0.0 4.7 93.4 98.1 1.9 
SAM-04 11.3 3.20 3.66 8.7 0.0 0.0 7.1 90.3 97.4 2.6 
SAM-04 12.5 3.66 3.96 8.3 0.1 0.1 9.6 88.5 98.2 1.7 
SAM-04 13.3 3.96 4.11 8.1 0.0 0.1 5.2 92.2 97.5 2.5 
SAM-04 14.3 4.11 4.57 7.8 0.0 0.0 9.1 89.5 98.7 1.3 
SAM-04 15.8 4.57 5.03 7.3 0.0 0.2 6.2 91.5 97.8 2.2 
SAM-04 17.3 5.03 5.49 6.9 0.0 0.5 13.3 85.0 98.8 1.2 
SAM-04 18.8 5.49 5.94 6.4 0.0 0.0 1.3 98.0 99.3 0.7 
SAM-04 20.3 5.94 6.40 6.0 0.1 0.3 0.4 97.5 98.2 1.7 
SAM-04 21.5 6.40 6.71 5.6 0.0 0.5 10.0 86.5 97.1 2.9 
SAM-04 22.1 6.71 6.78 5.4 0.0 1.5 12.3 78.1 91.9 8.1 
SAM-05 6.5 1.83 2.13 9.2 0.0 0.0 8.9 85.7 94.5 5.5 
SAM-05 7.3 2.13 2.29 8.9 0.7 0.0 5.4 87.6 93.1 6.3 
SAM-05 12.8 3.66 4.11 7.3 0.0 0.2 10.7 86.9 97.9 2.1 
SAM-05 18.8 5.49 5.94 5.4 0.0 0.1 1.8 96.3 98.1 1.9 
SAM-06 6.5 1.83 2.13 9.5 0.0 0.0 8.3 87.3 95.5 4.5 
SAM-06 7.3 2.13 2.29 9.2 0.7 1.1 4.2 86.7 92.1 7.3 
SAM-06 14.0 4.11 4.42 7.2 0.0 0.1 8.2 89.0 97.3 2.7 
SAM-06 14.8 4.42 4.57 7.0 0.0 0.4 6.6 91.5 98.5 1.6 
 
4.3.1.6  Ten Mile Hill Site B 
Soils that were available from exploration and testing in 1998 at Ten Mile Hill 
Site B underwent index testing, grain size analyses, and Atterberg limit testing.  Over Site 
B, the liquefiable source soils (as defined by Hu et al. (2002a)) were light brownish gray, 
light to dark olive brown, and very dark gray.   
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Table 4.47.  Grain Size Diameters at 10, 30, 50, and 60% Passing Extracted from Tests 
of Sampit Soils within the Liquefiable Soil Layer by Hu (2001). 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size (mm) 
Cu Cc 
from to D10 D30 D50 D60 
SAM-01 9.8 2.74 3.20 9.2 0.1200 0.145 0.165 0.175 1.5 1.0 
SAM-01 14.3 4.11 4.57 7.9 0.1300 0.150 0.170 0.180 1.4 1.0 
SAM-02 11.3 3.20 3.66 9.6 0.1300 0.145 0.160 0.170 1.3 1.0 
SAM-04 6.8 1.83 2.29 10.1 0.1500 0.178 0.220 0.250 1.7 0.8 
SAM-04 8.0 2.29 2.59 9.7 0.1500 0.170 0.200 0.225 1.5 0.9 
SAM-04 8.8 2.59 2.74 9.5 0.1200 0.152 0.180 0.195 1.6 1.0 
SAM-04 9.8 2.74 3.20 9.2 0.1400 0.160 0.180 0.195 1.4 0.9 
SAM-04 11.3 3.20 3.66 8.7 0.1300 0.162 0.185 0.195 1.5 1.0 
SAM-04 12.5 3.66 3.96 8.3 0.1300 0.150 0.170 0.178 1.4 1.0 
SAM-04 13.3 3.96 4.11 8.1 0.1300 0.150 0.162 0.170 1.3 1.0 
SAM-04 14.3 4.11 4.57 7.8 0.1400 0.155 0.160 0.170 1.2 1.0 
SAM-04 15.8 4.57 5.03 7.3 0.1300 0.145 0.160 0.162 1.2 1.0 
SAM-04 17.3 5.03 5.49 6.9 0.1400 0.149 0.165 0.170 1.2 0.9 
SAM-04 18.8 5.49 5.94 6.4 0.1400 0.158 0.170 0.180 1.3 1.0 
SAM-04 20.3 5.94 6.40 6.0 0.1200 0.140 0.158 0.165 1.4 1.0 
SAM-04 21.5 6.40 6.71 5.6 0.1200 0.155 0.205 0.230 1.9 0.9 
SAM-04 22.1 6.71 6.78 5.4 0.0800 0.140 0.148 0.160 2.0 1.5 
SAM-05 6.5 1.83 2.13 9.2 0.1300 0.175 0.210 0.230 1.8 1.0 
SAM-05 7.3 2.13 2.29 8.9 0.1200 0.175 0.205 0.220 1.8 1.2 
SAM-05 12.8 3.66 4.11 7.3 0.1500 0.170 0.180 0.190 1.3 1.0 
SAM-05 18.8 5.49 5.94 5.4 0.1400 0.165 0.180 0.190 1.4 1.0 
SAM-06 6.5 1.83 2.13 9.5 0.1400 0.195 0.230 0.240 1.7 1.1 
SAM-06 7.3 2.13 2.29 9.2 0.1100 0.145 0.155 0.165 1.5 1.2 
SAM-06 14.0 4.11 4.42 7.2 0.1400 0.158 0.180 0.200 1.4 0.9 
SAM-06 14.8 4.42 4.57 7.0 0.1300 0.145 0.152 0.160 1.2 1.0 
 
Table 4.48.  Comparison of Grain Size Portions from Hu Tests and Present 
Study Tests of Sampit Liquefiable Soils. 
 Fraction Percent 
 
Gravel 
Sand 
< #200 
 coarse medium fine total 
Present Study       
minimum 0.00 0.00 0.30 51.11 90.31 2.21 
maximum 0.00 2.57 42.57 96.50 97.79 9.69 
average 0.00 0.27 10.24 85.39 95.90 4.10 
Hu (2001)       
minimum 0.00 0.00 0.38 78.08 83.07 0.74 
maximum 15.62 1.50 13.29 97.98 99.26 8.12 
average 0.68 0.23 6.67 89.43 96.33 2.99 
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Table 4.49.  Comparison of Grain Diameters at 10, 30, 50, and 60% 
Passing from Hu Tests and Present Study Tests of Sampit Liquefiable 
Soils. 
 Grain Size (mm) 
Cu Cc 
 D10 D30 D50 D60 
Present Study       
minimum 0.0810 0.121 0.142 0.152 1.2 0.3 
maximum 0.1420 0.165 0.300 0.560 4.2 1.7 
average 0.1224 0.147 0.173 0.214 1.7 1.0 
Hu (2001)       
minimum 0.0800 0.140 0.148 0.160 1.2 0.8 
maximum 0.1500 0.195 0.230 0.250 2.0 1.5 
average 0.1304 0.157 0.178 0.191 1.5 1.0 
 
Soils exhibited no to medium plasticity, showed slow to rapid dilatancy, had no 
reaction with HCl, and possessed low to high dry strength.  Soils deeper in the layer had a 
sulfurous odor.  The primary grain size was fine sand and the grains were angular to 
subangular and predominately subspheroidal to subelongate.  The soils were classified 
predominately as poorly-graded silty sand (SP-SM).   Tables 4.56 and 4.57 summarize 
the index characteristics and grain characteristics, respectively, of the soils tested from 
Ten Mile Hill Site B. 
Grain size distribution tests of soils within the liquefiable source layer showed 
that soils contained no gravel or coarse sand, 0.01 to 0.94% medium sand (average 
0.32%), 59.61 to 89.57% fine sand (average 81.80%), 59.66 to 90.41% total sand 
(average 82.12%), 3.10 to 18.80% silt (average 6.55%), 5.50 to 29.40% clay (average 
11.99%), and 9.59 to 40.34% fines (< #200) (average 17.88%).   
Table 4.58 includes the percentages of grain sizes for all soils tested at Site B.  
The grain size distribution curves, shown in Figure 4.71, show the liquefiable source soils 
are poorly-graded. 
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from to
TEN-01 4.8 1.22 1.68 11.1 SP none rapid none low ( - ) lt. yellowish brown
TEN-02 6.8 1.83 2.29 10.4 SP none rapid none v. low ( - ) v. pale brown
TEN-02 8.3 2.29 2.74 10.0 SP-SC none rapid none low ( - ) v. pale brown
TEN-02 9.8 2.74 3.20 9.5 SP none rapid none v. low ( - ) v. pale brown
TEN-03 4.8 1.22 1.68 11.1 SP-SC none rapid none low ( - ) lt. yellowish brown
TEN-03 11.8 3.35 3.81 8.9 SP-SM none rapid none low ( - ) lt. yellowish brown
TEN-04 6.8 1.83 2.29 10.4 SP none rapid none v. low ( - ) v. pale brown
TEN-04 8.3 2.29 2.74 10.0 SP none rapid none v. low ( - ) pale yellow
TEN-04 9.8 2.74 3.20 9.5 SP none rapid none low ( - ) v. pale brown
TEN-04 11.3 3.20 3.66 9.1 SP-SM none rapid none v. low ( - ) v. pale brown
TEN-04 12.8 3.66 4.11 8.6 SP none rapid none v. low ( - ) v. pale brown
TEN-04 14.0 4.11 4.42 8.2 SP-SC none rapid none low ( - ) lt. brownish gray
HCl Color
Dry 
Strength
OdorDilatancyPlasticityUSCS
Depth (m) Mid-elev. 
(m, MSL)
Sample 
No.
Borehole 
No.
Table 4.50.  Current Evaluation of Index Characteristics for Soils from Ten Mile Hill Site A. 
from to
TEN-01 4.8 1.22 1.68 11.1 SP fine Sand angular to subangular spheroidal to subelongate
TEN-02 6.8 1.83 2.29 10.4 SP fine Sand angular to subangular spheroidal to subelongate
TEN-02 8.3 2.29 2.74 10.0 SP-SC fine Sand angular to subangular spheroidal to subspheroidal
TEN-02 9.8 2.74 3.20 9.5 SP fine Sand angular to subangular subspheroidal
TEN-03 4.8 1.22 1.68 11.1 SP-SC fine Sand angular subspheroidal to subelongate
TEN-03 11.8 3.35 3.81 8.9 SP-SM fine Sand angular to subangular subspheroidal to subelongate
TEN-04 6.8 1.83 2.29 10.4 SP fine Sand subangular to subrounded spheroidal to subspheroidal
TEN-04 8.3 2.29 2.74 10.0 SP fine Sand angular spheroidal to subspheroidal
TEN-04 9.8 2.74 3.20 9.5 SP fine Sand angular to subangular spheroidal to subelongate
TEN-04 11.3 3.20 3.66 9.1 SP-SM fine Sand angular to subangular spheroidal to subspheroidal
TEN-04 12.8 3.66 4.11 8.6 SP fine Sand angular spheroidal to subspheroidal
TEN-04 14.0 4.11 4.42 8.2 SP-SC fine Sand angular to subangular subspheroidal to subelongate
Borehole 
No.
SphericityUSCS Angularity
Depth (m) Mid-elev. 
(m, MSL)
Sample 
No.
Primary 
Grain Size
Table 4.51.  Current Evaluation of Grain Characteristics for Soils from Ten Mile Hill Site A. 
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from to coarse medium fine
TEN-02 5.3 1.37 1.83 10.9 0.00 0.00 0.03 92.74 3.69 3.50 92.8 7.2
TEN-02 8.3 2.29 2.74 10.0 0.00 0.00 0.00 93.87 3.50 3.60 93.9 6.1
TEN-02 11.3 3.20 3.66 9.1 0.00 0.00 0.06 95.06 2.88 2.00 95.1 4.9
TEN-03 4.8 1.22 1.68 11.1 0.00 0.00 0.82 91.69 4.19 3.30 92.5 7.5
TEN-03 11.8 3.35 3.81 8.9 0.00 0.00 0.04 94.72 2.90 2.36 94.8 5.2
TEN-04 5.3 1.37 1.83 10.9 0.00 0.00 2.38 87.95 4.10 5.60 90.3 9.7
TEN-04 8.3 2.29 2.74 10.0 0.00 0.00 0.57 95.24 2.18 2.02 95.8 4.2
TEN-04 11.3 3.20 3.66 9.1 0.00 0.00 0.01 91.69 5.61 2.70 91.7 8.3
TEN-04 14.0 4.11 4.42 8.2 0.00 0.00 0.18 84.32 6.10 9.57 84.5 15.5
< #200
Sand
Gravel Silt
Total 
Sand
Fraction Percent
Depth (m) Mid-elev. 
(m, MSL)
Clay
Borehole 
No.
Sample 
No.
Table 4.52.  Grain Size Fractions from Ten Mile Hill Site A Soils (2010 analyses). 
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Figure 4.70.  Grain Size Distribution Curves for Ten Mile Hill Site A Soils from 2010 
Grain Size Analyses. 
 
 
Table 4.53.  Grain Diameters at 10, 30, 50, and 60% Passing for Soils from Ten Mile Hill 
Site A from 2010 Analyses. 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size (mm) 
Cu Cc 
from to D10 D30 D50 D60 
TEN-02 5.3 1.37 1.83 10.90 0.1020 0.148 0.160 0.165 1.6 1.3 
TEN-02 8.3 2.29 2.74 9.98 0.1100 0.150 0.165 0.175 1.6 1.2 
TEN-02 11.3 3.20 3.66 9.07 0.1290 0.153 0.160 0.170 1.3 1.1 
TEN-03 4.8 1.22 1.68 11.05 0.0950 0.140 0.158 0.170 1.8 1.2 
TEN-03 11.8 3.35 3.81 8.92 0.1250 0.150 0.170 0.175 1.4 1.0 
TEN-04 5.3 1.37 1.83 10.87 0.0780 0.106 0.109 0.210 2.7 0.7 
TEN-04 8.3 2.29 2.74 9.95 0.1300 0.165 0.190 0.205 1.6 1.0 
TEN-04 11.3 3.20 3.66 9.04 0.0880 0.140 0.160 0.170 1.9 1.3 
TEN-04 14.0 4.11 4.42 8.20 0.0060 0.140 0.155 0.160 26.7 20.4 
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Table 4.54.  Atterberg Limits for Soils from Ten Mile Hill Site A (2010 analyses). 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
TEN-02 8.3 2.29 2.74 10.0 23 18 5 CL-ML SP-SC 
TEN-02 11.3 3.20 3.66 9.1 25 21 4 ML SP 
TEN-03 4.8 1.22 1.68 11.1 25 20 5 CL-ML SP-SC 
TEN-04 14.0 4.11 4.42 8.2 21 21 0 ML SP-SC 
 
Table 4.55.  Specific Gravity of Soils from Ten Mile Hill 
Site A (2010 analysis). 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
TEN-02 5.3 1.37 1.83 10.9 2.646 
TEN-02 8.3 2.29 2.74 10.0 2.652 
TEN-02 11.3 3.20 3.66 9.1 2.650 
TEN-03 4.8 1.22 1.68 11.1 2.646 
TEN-03 11.8 3.35 3.81 8.9 2.653 
TEN-04 5.3 1.37 1.83 10.9 2.654 
TEN-04 8.3 2.29 2.74 10.0 2.656 
TEN-04 11.3 3.20 3.66 9.1 2.646 
TEN-04 14.0 4.11 4.42 8.2 2.674 
 
The grain size diameters for the liquefiable source sand at D10 ranged from 0.0380 
to 0.0800 mm (average 0.0636 mm), at D30 ranged from 0.046 to 0.130 mm (average 
0.102 mm), at D50 ranged from 0.093 to 0.145 mm (average 0.126 mm), and at D60 
ranged from 0.105 to 0.152 mm (average 0.135 mm).  The Cu values ranged from 1.9 to 
3.5 (average 2.4) and the Cc values ranged from 1.2 to 1.9 (average 1.5).  Table 4.59 
contains the D10, D30, D50, D60, Cu, and Cc values. 
Atterberg limit tests were performed on soils within the liquefiable layer.  Liquid 
limit values ranged from 22 to 29 and plasticity index values ranged from 2 to 11 and 
soils were classified as CL-ML, CL, and ML for the < #40 portion.  The classifications of 
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the soils using USCS were SP, SC-SM, SC, but predominately SP-SM.  The Atterberg 
limit data are given in Table 4.60. 
Specific gravity within the liquefiable soil ranged from 2.633 to 2.693 with an 
average value of 2.651.  The values are given in Table 4.61. 
 A comparison of the fines fraction (< #200) of Site A and Site B soils is shown in 
Table 4.62 from grain size analyses performed in 2010 and grain size data from Hu 
(2000).  The 2010 tests show that the fines portion is greater than that determined by Hu 
by a significant margin ranging from 18.6 to 68.8%.  The differences are shown in 
profiles presented in Figure 4.72 for the Site A soils and in Figure 4.73 for the Site B 
soils. 
 
4.3.1.7  Temporal and Spatial Distribution of Fines Content and Clay 
 The spatial and temporal distribution of fines and clay are shown in Figures 4.74 
and 4.75, respectively.  The figures also illustrate the elevation stand of the deposits 
relative to each other.  The ages of the soils are as follows: Four Hole Swamp – 
1,400,000 to 1,600,000 years old, Sampit – 450,000 years old; Ten Mile Hill Sites A and 
B, Hollywood, and Fort Dorchester – 200,000 to 240,000 years old.  For soils within the 
liquefiable layers at each site, there is no apparent relationship between the fines content 
and the age of the deposit.  Similarly, there is no clear relationship between the clay 
content and the age of the soil. 
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Table 4.56.  Current Evaluation of Index Characteristics for Soils from Ten Mile Hill Site B. 
 
 
 
Table 4.57.  Current Evaluation of Grain Characteristics for Soils from Ten Mile Hill Site B. 
 
 
from to
TEN-06 9.5 2.74 3.05 9.6 SP medium slow organic high ( - ) lt. brownish gray
TEN-06 10.3 3.05 3.20 9.4 SP-SM low rapid none low ( - ) lt. brownish gray
TEN-06 14.8 4.27 4.72 8.0 SP-SM none rapid sulfurous medium ( - ) dk. olive brown
TEN-06 18.5 5.49 5.79 6.9 SP-SM none rapid sulfurous medium ( - ) olive brown
TEN-07 7.8 2.29 2.44 10.1 SC-SM medium moderate none high ( - ) lt. olive brown
TEN-07 10.3 2.90 3.35 9.4 SP-SM medium rapid none medium ( - ) lt. olive brown
TEN-07 15.3 4.42 4.88 7.9 SP-SM medium rapid sulfurous high ( - ) lt. olive brown
TEN-07 19.5 5.79 6.10 6.6 SC medium rapid sulfurous high ( - ) v. dk. gray
Dry 
Strength
HCl Color
Borehole 
No.
Sample 
No.
Depth (m) Mid-elev. 
(m, MSL)
USCS Plasticity Dilatancy Odor
from to
TEN-06 9.5 2.74 3.05 9.6 SP fine Sand angular to subangular subspheroidal to subelongate
TEN-06 10.3 3.05 3.20 9.4 SP-SM fine Sand angular to subangular subspheroidal
TEN-06 14.8 4.27 4.72 8.0 SP-SM fine Sand angular to subangular subspheroidal to subelongate
TEN-06 18.5 5.49 5.79 6.9 SP-SM fine Sand angular subspheroidal to subelongate
TEN-07 7.8 2.29 2.44 10.1 SC-SM fine Sand angular to subangular subspheroidal
TEN-07 10.3 2.90 3.35 9.4 SP-SM fine Sand angular spheroidal to subspheroidal
TEN-07 15.3 4.42 4.88 7.9 SP-SM fine Sand angular subspheroidal to elongate
TEN-07 19.5 5.79 6.10 6.6 SC fine Sand angular to subangular subspheroidal to subelongate
USCS
Primary 
Grain Size
Angularity Sphericity
Borehole 
No.
Sample 
No.
Depth (m) Mid-elev. 
(m, MSL)
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from to coarse medium fine
TEN-06 10.3 3.05 3.20 8.43 0.00 0.00 0.09 89.57 4.90 5.50 89.66 10.40
TEN-06 14.8 4.27 4.72 7.05 0.00 0.00 0.85 88.97 3.10 7.10 89.82 10.18
TEN-06 18.5 5.49 5.79 5.91 0.00 0.00 0.26 89.44 3.30 7.00 89.70 10.33
TEN-06 19.3 5.79 5.94 5.68 0.00 0.00 0.34 67.56 15.00 14.20 67.90 32.00
TEN-07 7.8 2.29 2.44 9.22 0.00 0.00 0.01 75.37 7.73 29.40 75.38 24.63
TEN-07 10.3 2.90 3.35 8.46 0.00 0.00 0.07 80.17 4.33 7.55 80.24 11.88
TEN-07 15.3 4.42 4.88 6.93 0.00 0.00 0.94 89.47 3.70 5.90 90.41 9.57
TEN-07 19.5 5.79 6.10 5.64 0.00 0.00 0.05 59.61 18.80 21.50 59.66 40.34
< #200
Fraction Percent
Borehole 
No.
Sample 
No.
Depth (m) Mid-elev. 
(m, MSL)
Gravel
Sand
Silt Clay
Total 
Sand
Table 4.58.  Grain Size Fractions from Ten Mile Hill Site B Soils (2010 analyses). 
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Table 4.59.  Grain Diameters at 10, 30, 50, and 60% Passing for Liquefiable Source Soils 
from Ten Mile Hill Site B from 2010 Analyses. 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Grain Size (mm) 
Cu Cc 
from to D10 D30 D50 D60 
TEN-06 10.3 3.05 3.20 9.4 0.0500 0.108 0.125 0.135 2.7 1.7 
TEN-06 14.8 4.27 4.72 8.0 0.0750 0.130 0.145 0.150 2.0 1.5 
TEN-06 18.5 5.49 5.79 6.9 0.0750 0.120 0.138 0.150 2.0 1.3 
TEN-07 7.8 2.29 2.44 10.1 - 0.094 0.118 0.124 - - 
TEN-07 10.3 2.90 3.35 9.4 0.0380 0.097 0.122 0.132 3.5 1.9 
TEN-07 15.3 4.42 4.88 7.9 0.0800 0.120 0.140 0.152 1.9 1.2 
TEN-07 19.5 5.79 6.10 6.6 - 0.046 0.093 0.105 - - 
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Figure 4.71.  Grain Size Distribution Curves for Ten Mile Hill Site B Soils from 2010 
Grain Size Analyses. 
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Table 4.60.  Atterberg Limits for Liquefiable Source Soils from Ten Mile Hill Site B. 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Atterberg Limits 
USCS 
from to LL PL PI Chart 
TEN-06 9.5 2.74 3.05 9.6 29 22 7 ML SW 
TEN-06 10.3 3.05 3.20 9.4 24 21 3 ML SP-SM 
TEN-06 14.8 4.27 4.72 8.0 22 20 2 ML SP-SM 
TEN-06 18.5 5.49 5.79 6.9 23 21 2 ML SP-SM 
TEN-07 7.8 2.29 2.44 10.1 23 18 5 CL-ML SC-SM 
TEN-07 10.3 2.90 3.35 9.4 23 20 3 ML SP-SM 
TEN-07 15.3 4.42 4.88 7.9 23 21 2 ML SP-SM 
TEN-07 19.5 5.79 6.10 6.6 27 16 11 CL SC 
 
Table 4.61.  Specific Gravity for Liquefiable Source 
Soils from Ten Mile Hill Site B. 
Borehole 
No. 
Sample 
No. 
Depth (m) Mid-elev. 
(m, MSL) 
Gs 
from to 
TEN-06 9.5 2.74 3.05 8.7 2.633 
TEN-06 10.3 3.05 3.20 8.4 2.652 
TEN-06 14.8 4.27 4.72 7.1 2.653 
TEN-06 18.5 5.49 5.79 5.9 2.650 
TEN-07 7.8 2.29 2.44 9.2 2.636 
TEN-07 10.3 2.90 3.35 8.5 2.641 
TEN-07 15.3 4.42 4.88 6.9 2.653 
TEN-07 19.5 5.79 6.10 5.6 2.693 
 
Table 4.62.  Comparison of Ten Mile Hill Sites A and B Fines Content (< 
#200) from Hu (2001) and 2010 Grain Size Analyses. 
Borehole 
No. 
Sample 
No. 
Sample 
Interval 
Fines Content (%) Difference 
(%) Hu (2000) 2010 
TEN-02 5.3 4.5 to 6.0 3.74 7.23 93.3 
TEN-02 8.3 7.5 to 9.0 4.22 6.13 45.3 
TEN-03 4.8 4.0 to 5.5 3.54 7.49 111.6 
TEN-03 11.8 10.5 to 12.0 2.93 5.24 78.8 
TEN-04 8.3 7.5 to 9.0 1.92 4.18 117.7 
TEN-04 11.3 10.5 to 12.0 2.38 8.30 248.7 
TEN-06 10.3 10.0 to 10.5 2.94 10.35 252.0 
TEN-06 14.8 14.0 to 15.5 3.95 10.19 158.0 
TEN-06 18.5 18.0 to 19.0 4.02 10.30 156.2 
TEN-07 7.8 7.5 to 8.0 8.22 24.62 199.5 
TEN-07 10.3 9.5 to 11.0 3.68 19.76 437.0 
TEN-07 15.3 14.5 to 16.0 5.98 9.60 60.5 
TEN-07 19.5 19.0 to 20.0 16.87 40.34 139.1 
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4.3.2  Unit Weight, Void Ratio, and Moisture Content 
4.3.2.1  Four Hole Swamp 
 Unit weight, initial void ratio, and initial and final moisture contents were 
obtained from seven specimens.  Specimen depths (measured at mid-height of the 
specimen) ranged from 1.80 to 4.45 m.  The saturated unit weights prior to consolidation 
ranged from 18.48 to 19.74 kN/m3 and the dry unit weights prior to consolidation ranged 
from 13.92 to 14.94 kN/m3. 
 
 
Figure 4.72.  Comparison of Fines Content (< #200) from Hu (2001) and from 2010 
Grain Size Analyses for Soils at Ten Mile Hill Site A. 
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Figure 4.73.  Comparison of Fines Content (< #200) for Grain Size Analyses Performed 
by Hu (2001) and Grain Size Analyses Performed in 2010 for Soils at Ten Mile Hill Site 
B. 
 
The initial void ratios were from 0.65 to 0.87, the initial moisture contents (prior to 
consolidation) from 24.2 to 32.7%, and the final moisture contents (after consolidation) 
from 20.2 to 29.7%.  The data are summarized in Table 4.63.  Of the seven specimens 
presented in Table 4.63, two did not survive power outages (FHS-5.9 and 14.6).  The 
distribution of the saturated and dry unit weights is shown in Figure 4.76 with elevation.  
Also included are the unit weights of the specimens in the frozen state. 
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4.3.2.2  Hollywood 
 Unit weight, initial void ratio, and initial and final moisture contents were 
obtained from eleven specimens.  Specimen depths (measured at mid-height of the 
specimen) ranged from 2.59 to 5.18 m.  The saturated unit weights prior to consolidation 
ranged from 17.10 to 18.90 kN/m3 and the dry unit weights prior to consolidation ranged 
from 11.60 to 14.57 kN/m3.  The initial void ratios were from 0.82 to 1.27, the initial 
moisture contents (prior to consolidation) from 29.7 to 47.3%, and the final moisture 
contents (after consolidation) from 27.9 to 36.2%.  The four deepest specimens 
maintained the lowest unit weights, highest void ratios, and highest moisture contents.  
The data are summarized in Table 4.64.  The distribution of the saturated and dry unit 
weights is shown in Figure 4.77 with elevation.  Also included are the unit weights of the 
specimens in the frozen state. 
 
4.3.2.3  Sampit 
 Unit weight, initial void ratio, and initial and final moisture contents were 
obtained from ten specimens.  Specimen depths (measured at mid-height of the 
specimen) ranged from 2.99 to 5.64 m.  The saturated unit weights prior to consolidation 
ranged from 18.64 to 19.58 kN/m3 and the dry unit weights prior to consolidation ranged 
from 14.22 to 15.73 kN/m3.  The initial void ratios were from 0.66 to 0.82, the initial 
moisture contents (prior to consolidation) were from 24.7 to 31.1%, and the final 
moisture contents (after consolidation) were from 23.4 to 29.2%.  The data are 
summarized in Table 4.65.  The distribution of the saturated and dry unit weights is 
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shown in Figure 4.78 with elevation.  Also included are the unit weights of the specimens 
in the frozen state. 
 
4.3.3  Compression and Shear Wave Velocities and Saturation 
4.3.3.1  Four Hole Swamp 
 Compression and shear wave velocities were obtained at the ends of three stages 
during the triaxial test – primary saturation, backpressure saturation, and consolidation.  
The B-value was checked at the end of backpressure saturation and in some cases at the 
end of primary saturation.  At the end of primary saturation, the compression wave 
velocities ranged from 1618 to 1738 m/sec using a transmitter frequency of 50 kHz.  The 
shear wave velocities ranged from 149 to 233 m/sec using a transmitter frequency from 
2.9 to 5.0 kHz.  The compression wave velocities increased by an average of 0.3% and 
shear wave velocities increased by an average of 6.3% during backpressure saturation 
and a 10 to 15 kPa increase in the effective confining pressure.  Compression wave 
velocities at the end of backpressure saturation ranged from 1627 to 1811 m/sec and the 
shear wave velocities ranged from 158 to 245 m/sec.  The B-value at the end of 
backpressure saturation ranged from 0.97 to 0.98.  At the end of consolidation, velocities 
had increased further with an increase in the effective confining pressure to 100 kPa.  The 
compression wave velocities ranged from 1661 to 1825 m/sec (a 1.3% average increase 
relative to backpressure saturation velocity) and the shear wave velocities ranged from 
209 to 267 m/sec (a 22.4% average increase relative to backpressure saturation velocity). 
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Figure 4.74.  Distribution of Fines (< #200) at Test Sites Relative to Elevation Standing. 
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Figure 4.75.  Distribution of Clay Size Particles at Test Sites Relative to Elevation Standing. 
    
 
 
 
 
Table 4.63.  Unit Weight, Initial Void Ratio, and Moisture Contents for Specimens 
from Four Hole Swamp. 
Specimen 
No. 
Depth 
(m) 
γsat γd 
eo 
wi wf 
(lb/ft3) (kN/m3) (lb/ft3) (kN/m3) (%) (%) 
FHS-5.9 1.80 - - 93.8 14.73 0.77 - - 
FHS-7.7 2.35 119.49 18.77 91.4 14.36 0.82 30.7 27.9 
FHS-9.8 2.99 117.62 18.48 88.6 13.92 0.87 32.7 29.7 
FHS-11.4 3.47 121.78 19.13 95.1 14.94 0.75 28.0 20.2 
FHS-13.4 4.08 125.64 19.74 101.1 15.88 0.65 24.2 21.5 
FHS-14.0 4.27 119.49 18.77 91.4 14.36 0.82 30.7 26.4 
FHS-14.6 4.45 - - 89.0 13.97 0.87 - - 
 
 
Table 4.64.  Unit Weight, Initial Void Ratio, and Moisture Contents for Specimens 
from Hollywood. 
Specimen 
No. 
Depth 
(m) 
γsat γd 
eo 
wi wf 
(lb/ft3) (kN/m3) (lb/ft3) (kN/m3) (%) (%) 
HWD-8.5 2.59 119.52 18.78 91.5 14.37 0.82 30.6 28.4 
HWD-9.0 2.74 120.33 18.90 92.8 14.57 0.79 29.7 27.9 
HWD-9.6 2.93 117.59 18.47 88.4 13.89 0.88 33.0 29.8 
HWD-10.9 3.32 115.02 18.07 84.1 13.21 0.98 36.8 33.0 
HWD-11.4 3.47 115.19 18.09 84.3 13.25 0.98 36.6 29.3 
HWD-12.7 3.87 118.89 18.68 90.1 14.15 0.86 32.0 29.4 
HWD-13.2 4.02 117.53 18.46 87.9 13.81 0.90 33.7 30.7 
HWD-14.7 4.48 - - 74.4 11.69 1.27 - - 
HWD-15.4 4.69 112.71 17.70 79.9 12.54 1.11 41.1 35.6 
HWD-16.4 5.00 110.99 17.43 77.3 12.14 1.17 43.6 34.5 
HWD-17.0 5.18 108.84 17.10 73.9 11.60 1.27 47.3 36.2 
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Figure 4.76.  Soil Unit Weight Distribution with Elevation from Fixed Piston 
Tube Samples at Four Hole Swamp. 
    
 
Figure 4.77.  Soil Unit Weight Distribution with Elevation from Fixed Piston 
Tube Samples at Hollywood. 
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Table 4.65.  Unit Weight, Initial Void Ratio, and Moisture Contents for Specimens 
from Sampit. 
Specimen 
No. 
Depth 
(m) 
γsat γd 
eo 
wi wf 
(lb/ft3) (kN/m3) (lb/ft3) (kN/m3) (%) (%) 
SAM-9.8 2.99 118.68 18.64 90.5 14.22 0.82 31.1 29.2 
SAM-10.5 3.20 - - 91.7 14.41 0.80 - - 
SAM-12.1 3.69 120.38 18.91 93.3 14.65 0.77 29.0 26.7 
SAM-13.7 4.18 123.50 19.40 98.1 15.41 0.69 25.9 23.7 
SAM-14.5 4.42 121.73 19.12 95.2 14.96 0.74 27.8 25.5 
SAM-15.7 4.79 119.61 18.79 91.8 14.43 0.80 30.2 28.2 
SAM-16.5 5.03 124.65 19.58 99.9 15.70 0.66 24.7 23.4 
SAM-17.5 5.33 120.83 18.98 93.8 14.73 0.76 28.8 27.1 
SAM-18.0 5.49 122.29 19.21 96.1 15.10 0.72 27.2 25.9 
SAM-18.5 5.64 121.04 19.01 94.1 14.79 0.76 28.6 27.1 
 
Table 4.66 summarizes the compression and shear wave velocity data and 
includes the effective confining pressures, B-values, and transmitter frequencies used 
during the tests. 
Shear wave velocity was measured in the field using the SCPT and the velocity 
values (Andrus, 2007) were compared to the laboratory shear wave velocities.  Figure 
4.79 shows the relationship between the field and laboratory velocities at different stages 
of laboratory testing.  Laboratory shear wave velocities plot at or above the 1:1 line.  At 
the time of primary saturation, the velocities were about equal as shown by the data 
cluster in Figure 4.79.  The increases in effective confining pressure were accompanied 
by the laboratory shear wave velocities becoming greater than the field shear wave 
velocities. 
 
 
    
 
Figure 4.78.  Soil Unit Weight Distribution with Elevation from Fixed Piston 
Tube Samples at Sampit. 
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Table 4.66.  Compression Wave and Shear Wave Velocity Data for 
Specimens from Four Hole Swamp. 
 Specimen 
No. 
σ′3c 
B 
λp λs Vp Vs 
 (kPa) (kHz) (kHz) (m/sec) (m/sec) 
E
n
d
 o
f 
P
ri
m
ar
y
 
S
at
u
ra
ti
o
n
 
FHS-7.7 25 0.95 50 3.3 1618 151 
FHS-9.8 20 - 50 5.0 1652 158 
FHS-11.4 25 - - - 1805 233 
FHS-13.4 25 - 50 2.9 1738 149 
FHS-14.0 25 - - - 1652 152 
E
n
d
 o
f 
B
ac
k
 
P
re
ss
u
re
 
S
at
u
ra
ti
o
n
 
FHS-7.7 35 0.98 50 5.0 1627 160 
FHS-9.8 35 0.98 - - 1670 160 
FHS-11.4 35 0.97 - - 1811 245 
FHS-13.4 35 0.98 50 3.3 1719 173 
FHS-14.0 35 0.97   1661 158 
E
n
d
 o
f 
C
o
n
so
li
d
at
io
n
 
FHS-7.7 100 - 33 5.0 1672 212 
FHS-11.4 100 - - - 1825 267 
FHS-13.4 100 - 50 2.9 1748 213 
FHS-14.0 100 - - - 1661 209 
 
4.3.3.2  Hollywood 
 Compression and shear wave velocities were obtained at the ends of three stages 
during the triaxial test – primary saturation, backpressure saturation, and consolidation.  
The B-value was checked at the end of backpressure saturation and in some cases at the 
end of primary saturation. 
 At the end of primary saturation, the compression wave velocities ranged from 
1578 to 1656 m/sec using transmitter frequencies of 50 and 100 kHz.  The shear wave 
velocities ranged from 133 to 181 m/sec using a transmitter frequency from 2.0 to 5.0 
kHz.  The compression wave velocities increased by an average of 0.9% and shear wave 
    
velocities increased by an average of 5.2% during backpressure saturation and a 10 to 15 
kPa increase in the effective confining pressure. 
 
 
Figure 4.79.  Comparison of Laboratory and Field Shear Wave Velocities for Varying 
Confinement Pressures and Stages for CTX Specimens from Four Hole Swamp. 
 
Compression wave velocities at the end of backpressure saturation ranged from 1572 to 
1674 m/sec and the shear wave velocities ranged from 127 to 194 m/sec.  The B-value at 
the end of backpressure saturation ranged from 0.97 to 1.00.  At the end of consolidation, 
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velocities had increased further with an increase in the effective confining pressure to 100 
kPa.  The compression wave velocities ranged from 1613 to 1679 m/sec (a 0.6% average 
increase relative to backpressure saturation velocity) and the shear wave velocities ranged 
from 173 to 254 m/sec (a 30.9% average increase relative to backpressure saturation 
velocity). 
 Table 4.67 summarizes the compression and shear wave velocity data and 
includes the effective confining pressures, B-values, and transmitter frequencies used 
during the tests. 
Shear wave velocity was measured in the field using the SCPT and the velocity 
values (Andrus, 2007) were compared to the laboratory shear wave velocities.  Figure 
4.80 shows the relationship between the field and laboratory velocities at different stages 
of laboratory testing.  Laboratory shear wave velocities form a cluster plotting below to 
above the 1:1 line.  At the time of primary saturation, the velocities formed a cluster 
centered about the 1:1 line as shown in Figure 4.80.  The increases in effective confining 
pressure were accompanied by the laboratory shear wave velocities becoming greater 
than the field shear wave velocities. 
 
4.3.3.3  Sampit 
 Compression and shear wave velocities were obtained at the ends of three stages 
during the triaxial test – primary saturation, backpressure saturation, and consolidation.  
The B-value was checked at the end of backpressure saturation and in some cases at the 
end of primary saturation. 
 
    
 
 
Table 4.67.  Compression Wave and Shear Wave Velocity Data for 
Specimens from Hollywood. 
 Specimen 
No. 
σ′3c 
B 
λp λs Vp Vs 
 (kPa) (kHz) (kHz) (m/sec) (m/sec) 
E
n
d
 o
f 
P
ri
m
ar
y
 
S
at
u
ra
ti
o
n
 
HWD-9.0 25 0.91 50 5.0 1635 148 
HWD-9.6 25 0.93 50 2.0 1610 142 
HWD-10.9 25 - 100 3.3 1593 172 
HWD-11.4 20 - 100 - 1630 181 
HWD-12.7 25 0.94 50 5.0 1656 152 
HWD-13.2 25 - 50 2.0 1614 139 
HWD-15.4 20 - 50 5.0 1595 135 
HWD-16.4 25 0.82 50 3.3 1636 142 
HWD-17.0 25 0.88 50 2.0 1578 133 
E
n
d
 o
f 
B
ac
k
 P
re
ss
u
re
 
S
at
u
ra
ti
o
n
 
HWD-8.5 35 0.98 40 5.0 1624 170 
HWD-9.0 35 0.97 - 5.0 1644 157 
HWD-9.6 35 0.98 50 2.0 1644 152 
HWD-10.9 35 0.97 - - 1572 194 
HWD-11.4 35 0.98 - - 1674 185 
HWD-12.7 35 0.98 33 5.0 1674 162 
HWD-13.2 35 0.97 - - 1633 149 
HWD-15.4 35 1.00 50 5.0 1611 148 
HWD-16.4 35 0.97 - 3.3 1636 140 
HWD-17.0 35 1.00 50 1.3 1596 127 
E
n
d
 o
f 
C
o
n
so
li
d
at
io
n
 HWD-8.5 100 - 50 5.0 1677 214 
HWD-9.0 100 - 50 5.0 1679 205 
HWD-9.6 100 - 50 - 1644 199 
HWD-11.4 100 - - - 1668 254 
HWD-12.7 100 - 20 5.0 1665 207 
HWD-13.2 100 - 50 5.0 1624 191 
HWD-15.4 100 - - - 1620 192 
HWD-16.4 100 - 25 2.0 1636 184 
HWD-17.0 100 - 50 1.4 1613 173 
 
 
    
 
Figure 4.80.  Comparison of Laboratory and Field Shear Wave Velocities for 
Varying Confinement Pressures and Stages for CTX Specimens from Hollywood. 
 
 At the end of primary saturation, the compression wave velocities ranged from 
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kHz.  The compression wave velocities increased by an average of 0.2% and shear wave 
velocities increased by an average of 1.8% during backpressure saturation and a 10 to 25 
kPa increase in the effective confining pressure.  Compression wave velocities at the end 
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of backpressure saturation ranged from 1629 to 1724 m/sec and the shear wave velocities 
ranged from 192 to 241 m/sec.  The B-value at the end of backpressure saturation ranged 
from 0.96 to 0.98 (one at 0.94).  At the end of consolidation, velocities had increased 
further with an increase in the effective confining pressure to 100 kPa.  The compression 
wave velocities ranged from 1670 to 1732 m/sec (a 1.5% average increase relative to 
backpressure saturation velocity) and the shear wave velocities ranged from 242 to 281 
m/sec (a 23.2% average increase relative to backpressure saturation velocity).  Table 4.68 
summarizes the compression and shear wave velocity data and includes the effective 
confining pressures, B-values, and transmitter frequencies used during the tests. 
Shear wave velocity was measured in the field using the SCPT and the velocity 
values (Andrus, 2007) were compared to the laboratory shear wave velocities.  Figure 
4.81 shows the relationship between the field and laboratory velocities at different stages 
of laboratory testing.  Laboratory shear wave velocities form a cluster plotting below to 
above the 1:1 line.  At the time of primary saturation, the velocities formed a cluster 
centered about the 1:1 line as shown in Figure 4.81.  The increases in effective confining 
pressure were accompanied by the laboratory shear wave velocities becoming greater 
than the field shear wave velocities. 
 
4.3.3.4  Shear Wave and Compression Wave Velocity Relationships 
 Figure 4.82 presents a plot of the laboratory compression wave velocity versus the 
laboratory shear wave velocity from specimens at all sites.  Both shear and compression 
wave velocities are shown to increase as effective confining pressure increases and 
saturation increases. 
    
 
 
Table 4.68.  Compression Wave and Shear Wave Velocity Data for 
Specimens from Sampit. 
 Specimen 
No. 
σ′3c 
B 
λp λs Vpl Vsl 
 (kPa) (kHz) (kHz) (m/sec) (m/sec) 
E
n
d
 o
f 
P
ri
m
ar
y
 
S
at
u
ra
ti
o
n
 
SAM-9.8 25 - 50 5.0 1644 196 
SAM-10.5 10 - - - 1633 235 
SAM-12.1 25 - 50 - 1714 221 
SAM-13.7 25 - 50 1.7 1704 191 
SAM-15.7 20 - - - 1667 232 
SAM-16.5 25 - - - 1706 - 
SAM-18.0 25 0.85 14 2.5 1679 213 
SAM-18.5 25 0.81 25 3.3 1652 202 
E
n
d
 o
f 
B
ac
k
 P
re
ss
u
re
 
S
at
u
ra
ti
o
n
 
SAM-9.8 35 0.98 50 3.3 1661 192 
SAM-10.5 25 0.94 - - 1633 236 
SAM-12.1 35 0.98 50 5.0 1677 222 
SAM-13.7 35 0.98 50 1.4 1704 212 
SAM-15.7 35 0.97 - - 1629 - 
SAM-16.5 35 0.97 - - 1724 241 
SAM-17.5 35 0.96 - - 1682 200 
SAM-18.0 35 0.96 25 2.5 1698 215 
SAM-18.5 35 0.96 33 2.9 1699 204 
E
n
d
 o
f 
C
o
n
so
li
d
at
io
n
 SAM-9.8 100 - 50 3.3 1670 242 
SAM-10.5 100 - - - 1682 259 
SAM-12.1 100 - 50 5.0 1732 281 
SAM-13.7 100 - 50 2.9 1732 265 
SAM-16.5 100 - 100 - 1730 - 
SAM-17.5 100 - 25 2.5 1691 247 
SAM-18.0 100 - 25 2.5 1718 274 
SAM-18.5 100 - 20 2.9 1719 257 
 
 
    
 
Figure 4.81.  Comparison of Laboratory and Field Shear Wave Velocities for 
Varying Confinement Pressures and Stages for CTX Specimens from Sampit. 
 
Figure 4.83 shows that increasing the effective confining pressure causes an increase in 
the shear wave velocity for specimens from all sites.  It is more evident with the larger 
increase to 100 kPa.  Figure 4.84 shows the effect of increasing the effective confining 
pressure on the compression wave velocity, but also includes the effect of saturation.  The 
effect is not as pronounced as it is for the shear wave velocity. 
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Figure 4.82.  Laboratory Compression Wave Velocity versus Laboratory Shear 
Wave Velocity for CTX Specimens from FHS, HWD, and SAM. 
 
The lack of a relationship between B-value and the compression wave velocity is shown 
in Figure 4.85 occurring at the end of primary saturation.  Similarly, there is no 
relationship indicated in Figure 4.86 for B-values checked at the end of backpressure 
saturation.  
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Figure 4.83.  Influence of Effective Confining Pressure on the Laboratory Shear Wave 
Velocity for CTX Specimens from FHS, HWD, and SAM. 
 
4.3.4  Cyclic Triaxial Tests 
 Cyclic triaxial (CTX) tests were performed on four specimens from Four Hole 
Swamp, ten specimens from Hollywood, and nine specimens from Sampit.  Results from 
the tests included the maximum pore pressure attained, the number of cycles to reach 
initial liquefaction (Nl, defined at the point where the excess pore pressure is equal to the 
effective confining pressure (σʹ3c) of 100 kPa), the double amplitude axial strain at the 
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point of initial liquefaction (NlDA), and the number of cycles required to reach a double 
amplitude axial strain of 2.5% (N2.5%DA). 
 Figure 4.87 shows the graphical results of cyclic triaxial testing of the specimen 
SAM-15.7.  This includes the pore pressure ratio (ru), axial strain (εa), and peak deviator 
stress (σdp) versus the number of loading cycles.  Plots for all tests are presented in 
Appendix B.
 
Figure 4.84.  Effect of Confining Pressure on Laboratory Compression Wave Velocity for 
CTX Specimens from FHS, HWD, and SAM. 
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Figure 4.85.  Compression Wave Velocity Relative to B-value at the End of Primary 
Saturation for CTX Specimens from FHS, HWD, and SAM. 
 
4.3.4.1  Four Hole Swamp 
 The specimens from Four Hole Swamp ranged in depth from 2.35 to 4.27 m 
below ground surface.  The depths of tests are shown in Figure 4.61 with the soil 
description log developed from SPTE-1.  Cyclic stress ratios (CSR) used ranged from 
0.150 to 0.175, which produced peak deviator stresses (σdp) ranging from 30.0 to 35.0  
kPa.  Excess pore pressures reached during the tests ranged from 95 to 109 kPa. 
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Figure 4.86.  Compression Wave Velocity Relative to B-value at the End of 
Backpressure Saturation for CTX Specimens from FHS, HWD, and SAM. 
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liquefaction ranged from 3 to 37 cycles with double amplitude axial strains ranging from 
1.9 to 2.5%.  The number of cycles required to attain a double amplitude axial strain of 
2.5% ranged from 4 to 38 cycles.  The data are summarized in Table 4.69.  All loading 
patterns show an initial partial load cycle caused by the loading feedback as shown in 
Figure 4.87.  Peak load begins to drop off as the excess pore pressure increases to the 
effective confining pressure.  In all cases it appeared that the displacement velocity of the 
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loading ram was not sufficient to stay in contact with the specimen due to the rapid and 
large deformation experienced by the specimens during loading. 
 Figure 4.88 shows the relationship between the number of cycles required to 
attain initial liquefaction and the cyclic stress ratio.  At the point where Nl equals 15 
cycles, the CSR is 0.155.  For a double-amplitude axial strain of 2.5%, the CSR at 15 
cycles is 0.151.  The cyclic stress curve based on 2.5% double-amplitude strain is shown 
in Figure 4.89. 
 
4.3.4.2  Hollywood 
The specimens from Hollywood ranged in depth from 2.59 to 5.18 m below 
ground surface.  The depths of tests are shown in Figure 4.68 with the soil description log 
developed from SPTE-1.  The cyclic stress ratios (CSR) ranged from 0.150 to 0.225, 
which produced peak deviator stresses (σdp) ranging from 30.0 to 45.0 kPa.  Excess pore 
pressures reached during the tests ranged from 93 to 118 kPa.  Two cyclic frequencies 
were used – 0.5 and 1.0 Hz.  The number of cycles to reach initial liquefaction ranged 
from 5 to 34 cycles with double amplitude axial strains ranging from 1.3 to 3.1%.  The 
number of cycles required to attain a double amplitude axial strain of 2.5% ranged from 6 
to 37 cycles.  The data are summarized in Table 4.70.  All loading patterns show an initial 
partial load cycle caused by the initial loading feedback.  In five tests the peak load began 
to drop off prior to the excess pore pressure equaling the effective confining pressure.  In 
these cases it appeared that the displacement velocity of the loading ram was not  
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Figure 4.87.  Pore Pressure Ratio, Axial Strain, and Deviator Stress from Cyclic Triaxial 
Test of SAM-15.7. 
    
sufficient to stay in contact with the specimen due to the rapid and large deformation 
experienced by the specimens. 
 Figure 4.90 shows the relationship between the number of cycles required to 
attain initial liquefaction and the cyclic stress ratio.  At the point where Nl equals 15 
cycles, the CSR is 0.164.  For a double-amplitude axial strain of 2.5%, the CSR at 15 
cycles is 0.168.  The liquefaction curve based on 2.5% double-amplitude strain is shown 
in Figure 4.91. 
 
Table 4.69.  Cyclic Triaxial Test Results for Specimens from Four Hole Swamp. 
Specimen 
No. 
Depth 
(m) 
uemax 
(kPa) 
B CSR 
σdp 
(kPa) 
f 
(Hz) 
Nl 
(ue=σʹ3c) 
εNlDA 
(%) 
N2.5%DA 
FHS-7.7 2.35 109 0.98 0.160 32.0 0.5 6 2.0 7 
FHS-9.8 2.99 105 0.99 0.150 30.0 1.0 37 1.9 38 
FHS-11.4 3.47 95 0.97 0.150 30.0 1.0 19 2.5 20 
FHS-14.0 4.27 108 0.97 0.175 35.0 1.0 3 2.2 4 
 
Table 4.70.  Cyclic Triaxial Test Results for Specimens from Hollywood. 
Specimen 
No. 
Depth 
(m) 
uemax 
(kPa) 
B CSR 
σdp 
(kPa) 
f 
(Hz) 
Nl 
(ue=σʹ3c) 
εNlDA 
(%) 
N2.5%DA 
HWD-8.5 2.59 114 0.98 0.165 33.0 0.5 17 1.3 18 
HWD-9.0 2.74 116 0.97 0.225 45.0 0.5 5 1.8 6 
HWD-9.6 2.93 106 0.98 0.190 38.0 0.5 8 1.8 9 
HWD-10.9 3.32 104 0.97 0.150 30.0 1.0 34 1.9 37 
HWD-11.4 3.47 93 0.98 0.150 30.0 1.0 16 2.1 18 
HWD-12.7 3.87 110 0.98 0.220 44.0 0.5 7 1.6 8 
HWD-13.2 4.02 118 0.97 0.175 35.0 1.0 7 1.5 12 
HWD-15.4 4.69 105 1.00 0.200 40.0 1.0 7 3.1 6 
HWD-16.4 5.00 104 0.97 0.155 31.0 0.5 33 2.5 33 
HWD-17.0 5.18 107 1.00 0.190 38.0 0.5 7 2.7 7 
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Figure 4.88.  Number of Cycles Required for Initial Liquefaction for Specimens at Four Hole Swamp. 
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Figure 4.89.  Number of Cycles to Induce Liquefaction at ru = 1.0 and at 2.5% Double 
Amplitude Strain for Specimens from Four Hole Swamp. 
 
4.3.4.3  Sampit 
The specimens from Sampit ranged in depth from 2.99 to 5.64 m below ground surface.  
The depths of tests are shown in Figure 4.69 with the soil description log developed from 
SPTE-1.  The cyclic stress ratios (CSR) ranged from 0.135 to 0.225, which produced 
peak deviator stresses (σdp) ranging from 27.0 to 45.0 kPa.  Excess pore pressures 
reached during the tests ranged from 99 to 110 kPa.  Two cyclic frequencies were used – 
0.5 and 1.0 Hz.  The number of cycles to reach initial liquefaction ranged from 3 to 134 
cycles with double amplitude axial strains ranging from 1.2 to 3.5%.   
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Figure 4.90.  Number of Cycles Required for Initial Liquefaction for Specimens from Hollywood.
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Figure 4.91.  Number of Cycles to Induce Liquefaction at ru = 1.0 and at 2.5% Double 
Amplitude Strain for Specimens from Hollywood. 
 
The number of cycles required to attain a double amplitude axial strain of 2.5% 
ranged from 3 to 138 cycles.  The data are summarized in Table 4.71.  All loading 
patterns show an initial partial load cycle caused by the initial loading feedback.  In five 
tests the peak load began to drop off prior to the excess pore pressure equaling the 
effective confining pressure.  In these cases it appeared that the displacement velocity of 
the loading ram was not sufficient to stay in contact with the specimen due to the rapid 
and large deformation experienced by the specimens. 
 Figure 4.92 shows the relationship between the cycles required to attain initial 
liquefaction (ru = 1.0) and the cyclic stress ratio for all specimens tested.  At the point 
where Nl equals 15 cycles, the CSR is 0.168.  For a double-amplitude axial strain of 
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2.5%, the CSR at 15 cycles is 0.171.  It appears that two subsets can be discerned from 
the Sampit test results.  These are shown in Figure 4.93 and are labeled Subset 1 and 
Subset 2.  At initial liquefaction, the CSR for Subset 1 is 0.174 and the CSR for Subset 2 
is 0.152.  The liquefaction curve based on 2.5% double-amplitude strain is shown in 
Figure 4.94.  Figure 4.95 shows the subsets at 2.5% double-amplitude axial strain.  The 
CSR for Subset 1 is 0.178 and the CSR for Subset 2 is 0.150. 
 
Table 4.71.  Cyclic Triaxial Test Results for Specimens from Sampit. 
Specimen 
No. 
Depth 
(m) 
uemax 
(kPa) 
B CSR 
σdp 
(kPa) 
f 
(Hz) 
Nl 
(ue=σʹ3c) 
εNlDA 
(%) 
N2.5%DA 
SAM-9.8 2.99 99 0.98 0.175 35.0 1.0 16 3.0 13 
SAM-12.1 3.69 106 0.98 0.200 40.0 1.0 9 2.0 11 
SAM-13.7 4.18 110 0.98 0.225 45.0 0.5 3 2.8 3 
SAM-14.5 4.42 108 0.97 0.185 37.0 0.5 3 2.5 3 
SAM-15.7 4.79 101 0.97 0.150 30.0 1.0 29 2.4 31 
SAM-16.5 5.03 103 0.97 0.150 30.0 1.0 9 2.7 8 
SAM-17.5 5.33 106 0.96 0.175 35.0 0.5 11 3.5 11 
SAM-18.0 5.49 106 0.96 0.215 43.0 0.5 4 1.7 7 
SAM-18.5 5.64 107 0.96 0.135 27.0 0.5 134 1.2 138 
 
4.3.4.4 Comparison of Cyclic Stress Curves 
The cyclic stress curves are plotted for all test specimens at initial liquefaction in 
Figure 4.96.  The CSR data are summarized in Table 4.72 and compare the CSR values at 
initial liquefaction and 2.5% double-amplitude axial strain at 15 cycles. 
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Figure 4.92.  Number of Cycles Required for Initial Liquefaction for Specimens from Sampit. 
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Figure 4.93.  Number of Cycles Required for Initial Liquefaction for Two Subsets of Specimens from Sampit. 
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Figure 4.94.  Number of Cycles to Induce Liquefaction at ru = 1.0 and at 2.5% Double 
Amplitude Strain for Specimens from Sampit. 
 
 
Table 4.72.  Cyclic Stress Ratio at 15 Cycles for Initial 
Liquefaction and at 2.5% Double-Amplitude Axial 
Strain. 
 Cyclic Stress Ratio 
Site Nl at ru = 1.0 N at ε2.5%DA 
Four Hole Swamp 0.155 0.151 
Hollywood 0.164 0.168 
Sampit – all 
subset 1 
subset 2 
0.168 
0.174 
0.152 
0.171 
0.178 
0.150 
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Figure 4.95.  Number of Cycles to Induce Liquefaction at ru = 1.0 and at 2.5% Double 
Amplitude Strain for Separate Subsets of Specimens from Sampit. 
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Figure 4.96.  Number of Cycles Required for Initial Liquefaction Related to Cyclic Stress Ratio for Specimens 
Tested from Four Hole Swamp, Hollywood, and Sampit.
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4.4  Soil Microscopy 
4.4.1 Optical Petrographic Microscopy 
The optical petrographic microscopic analysis was performed on thin sections 
from the liquefiable soils at Four Hole Swamp, Hollywood, and Sampit.  The results of 
the petrographic analysis performed by Applied Petrographic Services (2011) showed the 
sands from the three sites are similar in composition.  Of the six specimens examined, all 
are predominately quartz (88 to 99%) and contain a trace of feldspar (< 1 to 3%) and 
opaque minerals (< 1 to 2%), four contain clay (< 1 to 3%), five contain mica (< 1 to 
3%), and one contains a carbonate mineral (5%).  The minimum grain sizes for all soils 
were less than 0.1 mm (0.04 to 0.09 mm) and the maximum grain sizes resided from 0.18 
to 1.98 mm.  The quartz grains are angular to subround, equidimensional, and 
monocrystalline.  FHS-9.3 contains no clay and FHS-11.7 contains no clay or mica.  
HWD-15.0 is the only specimen containing calcium carbonate matter consisting of intact 
shells and shell fragments. 
Grain sorting ranges from poorly-sorted (FHS-11.7) to well-sorted (HWD-10.5 
and HWD-15.0).  The average grain sizes range from 0.09 mm (HWD-15.0) to 0.72 mm 
(FHS-11.7).  A summary of the dominant mineral content, grain size, and grain sorting 
characteristics are given in Table 4.73 and are discussed further in the following sections. 
Petrographic photographs in plane-polarized light and cross-polarized light are 
shown in Figures 4.97 through 4.108 with the mineral types labeled as: Q = quartz, M = 
mica, iG = intergranular debris, F = feldspar, O = opaque mineral (including Fe), and S = 
shell.  It should be noted that the figures represent only two small areas of the total 
specimen – approximately 0.02% of the thin section area at a scale of 0.1 mm and 0.12% 
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of the thin section area at a scale of 0.2 mm.  Also, because a random cut was made 
through the soil, areas are not truly representative of the sample volume.  This would 
have the effect of showing a plane that passed through the extremes of mostly void area, 
mostly grain area, or some degree between the extremes.  This must be considered when 
interpreting the characteristics of the soil from the thin sections. 
 
4.4.1.1  Four Hole Swamp 
Specimen FHS-9.3 contains 98% quartz, less than 1% feldspar and mica, zero 
clay and mafic minerals, 2% opaque minerals, and zero calcium carbonate.  Weathered 
mica is present.  These features are labeled in Figures 4.97 and 4.98.  The individual 
grains are homogeneous and without internal fractures.  The grains are moderately-
sorted, angular to subangular, and sizes range from 0.04 to 1.17 mm with an average size 
of 0.18 mm. 
Specimen FHS-11.7 contains 99% quartz, less than 1% feldspar; zero mica, clay, 
mafic minerals, and calcium carbonate; and less than 1% opaque minerals.  Intergranular 
detritus is present.  The individual grains are homogeneous and without internal fractures.  
The grains are poorly-sorted, subangular, and range in size from 0.09 to 1.98 mm with an 
average size of 0.72 mm.  The mineral types are labeled in Figure 4.99 and 4.100. 
 
4.4.1.2  Hollywood 
Specimen HWD-10.5 contains 94% quartz, 1% feldspar, 3% clay, 2% mica, less 
than 1% opaque minerals, zero mafic minerals and calcium carbonate, and intergranular 
detritus is present.  The mica grain shows weathering around the exterior.  Figure 4.101 
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and 4.102 show the features in plane-polarized light.  The individual quartz grains are 
homogeneous and without internal fractures.  The sand is well-sorted and the grain sizes 
range from 0.07 to 0.22 mm with an average size of 0.13 mm. Specimen HWD-15.0 
contains 88% quartz, 3% feldspar, less than 1% clay, less than 3% mica, 1% opaque 
minerals, iron-based (Fe) minerals, and 5% calcium carbonate.  Intergranular detritus is 
present.  The mica grain shows weathering around the exterior.  The individual quartz 
grains are homogeneous and without internal fractures.  The sand is well-sorted and the 
grain sizes range from 0.05 to 0.18 mm with an average size of 0.09 mm.  This section is 
shown in Figures 4.103 and 4.104. 
 
4.4.1.3  Sampit 
Specimen SAM-12.5 contains 97% quartz, 2% feldspar, 1% clay minerals, less 
than 1% mica, and less than 1% of opaque and iron-based minerals.  The grain size 
ranges from 0.05 to 0.54 mm and has an average dimension of 0.18 mm and the grains 
are moderately sorted.  The individual quartz grains are homogeneous and without 
internal fractures.  Photomicrographs are shown in Figures 4.105 and 4.106. 
Specimen SAM-16.1 contains 95% quartz, 3% feldspar, 1% clay minerals, 1% 
mica, and less than 1% of opaque and iron-based minerals.  The grain size ranges from 
0.90 to 1.30 mm and has an average dimension of 0.20 mm and the grains are moderately 
sorted.  The individual quartz grains are homogeneous and without internal fractures.  
The photomicrographs are shown in Figures 4.107 and 4.108. 
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Table 4.73.  Mineral Content and Grain Characteristics from Optical Petrographic Analysis. 
 
 
 
 
 
 
 
 
Quartz Feldspar Clay Mica Mafic Fe, Opaque Ca Carbonate Min. Mean Max.
FHS-9.3 98 < 1 0 < 1 0 2 0 0.04 0.18 1.17 moderate
FHS-11.7 99 < 1 0 0 0 < 1 0 0.09 0.72 1.98 poor
HWD-10.5 94 1 3 2 0 < 1 0 0.07 0.13 0.22 well
HWD-15.0 88 3 < 1 < 3 0 1 5 0.05 0.09 0.18 well
SAM-12.5 97 2 1 < 1 0 < 1 0 0.05 0.18 0.54 moderate
SAM-16.1 95 3 1 1 0 < 1 0 0.09 0.20 1.30 moderate
Specimen No.
Dominant Mineral Content (%) Grain Size (mm)
Sorting
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Figure 4.97.  Petrographic Photomicrograph View 1 of FHS-9.3 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.98.  Petrographic Photomicrograph View 2 of FHS-9.3 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.99.  Petrographic Photomicrograph View 1 of FHS-11.7 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.100.  Petrographic Photomicrograph View 2 of FHS-11.7 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.101.  Petrographic Photomicrograph View 1 of HWD-10.5 
in Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.102.  Petrographic Photomicrograph View 2 of HWD-10.5 
in Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.103.  Petrographic Photomicrograph View 1 of HWD-15.0 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.104.  Petrographic Photomicrograph View 2 of HWD-15.0 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.105.  Petrographic Photomicrograph View 1 of SAM-12.5 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.106.  Petrographic Photomicrograph View 2 of SAM-12.5 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.107.  Petrographic Photomicrograph View 1 of SAM-16.1 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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Figure 4.108.  Petrographic Photomicrograph View 2 of SAM-16.1 in 
Plane-polarized Light (top) and Cross-polarized Light (bottom). 
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4.4.2 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) rendered views of the physical 
characteristics of the sands, including grain morphology and grain arrangement at levels 
ranging from 60 to 6000 times magnification.  The SEM was used primarily for viewing 
the physical characteristics of the sands.  The SEM images give a more accurate view of 
the grain proximity and volume of pore space when compared to the thin section images.  
The descriptions of the features are included with each image and the dominant minerals 
are identified in the images.  These include Figures 4.109 through 4.136. 
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4.4.2.1  Fort Dorchester 
 
 
Figure 4.109.  SEM Image of Sample VC1D from Fort Dorchester. 
 
 
 
 
Description: Intact specimen containing predominately quartz with lesser amounts of 
kaolin, mica, and feldspar.  Quartz grains are subangular and subspheroidal with a thin 
kaolin coating.  Fabric is grain-supported with some grains showing point contact.  
Magnification is 400x and the field width is 0.65 mm.  See Figure 4.110 for 
description of keyed circular area. 
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Figure 4.110.  SEM Image of Sample VC1D from Fort Dorchester Showing Feldspar 
Crystal. 
 
 
 
 
Description: Increased magnification of circular area from Figure 4.109 showing 
calcium feldspar crystal with a trace of iron-based weathering product on subangular 
quartz grain.  Magnification is 1600x and the field width is 0.16 mm. 
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4.4.4.2  Four Hole Swamp 
 
 
Figure 4.111.  SEM General Area Image of Test Pit Sample FHS80 from Four Hole 
Swamp. 
 
 
 
Description: Disturbed sample from test pit.  Contains predominately quartz grains 
and lesser amounts of kaolin and mica.  Quartz grains are angular to subangular and 
subspheroidal with kaolin coating.  Magnification is 100x and the field width is 2.55 
mm.  See Figure 4.112 for description of keyed circular area. 
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Figure 4.112.  Magnified SEM Image of Figure 4.111 of Test Pit Sample FHS80 from 
Four Hole Swamp. 
 
 
 
Description: Increased magnification of circular area in Figure 4.111 showing 
subangular quartz grain and the following minerals: 1. quartz with kaolin coating and 
trace of iron-based weathering product, 2. quartz with kaolin coating, and 3. kaolin 
with weathering product containing iron and potassium.  Quartz grain 4 showing 
surface etching.  Magnification is 800x and the field width is 0.32 mm. 
1  
 
 
2 
3 
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Figure 4.113.  SEM General Area Image of FHS-9.3. 
 
 
 
 
Description: Intact specimen.  Contains predominately quartz grains and lesser 
amounts of kaolin and mica.  Quartz grains are angular to subangular and sub-
spheroidal to sub-elongate.  Fabric is grain-supported and some grains show point 
contact.  Magnification is 100x and the field width is 3.00 mm.  See Figure 4.114 for 
higher magnification of keyed circular area. 
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Figure 4.114.  Increased Magnification Image of FHS-9.3 Shown in Figure 4.113. 
 
 
 
 
Description:  Magnified area shown in Figure 4.113.  See description in Figure 4.113.  
Magnification is 200x and the field width is 1.50 mm. 
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Figure 4.115.  SEM Image of FHS-9.3 Showing Dissolution Feature. 
 
 
 
 
Description:  Quartz grain showing dissolution controlled by crystallographic 
structure.  Magnification is 6000x and the field width is 0.05 mm. 
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Figure 4.116.  SEM Image of FHS-11.7. 
 
 
 
 
Description:  Intact specimen showing quartz grain in circled area.  Grain is 
subrounded, subspheroidal with grain-supported fabric and in point contact with 
adjacent grains.  Magnification is 60x and field width is 4.90 mm. 
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Figure 4.117.  SEM Image of FHS-11.7 Showing Mechanical Impact Surface Features 
on Quartz Grain. 
 
 
 
 
Description:  Enlarged image of grain in Figure 4.116.  V-shaped pits (circled areas) 
formed due to mechanical impact with other grains.  Magnification is 250x and field 
width is 1.20 mm. 
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4.4.2.3  Hollywood 
 
 
Figure 4.118.  SEM General Area Image of HWD-10.5. 
 
 
 
 
Description:  Intact specimen.  Predominately angular, subspheroidal to subelongate 
quartz grains forming a grain-supported fabric with point contacts.  Features: 1. 
subangular quartz grain (shown magnified in Figure 4.119), 2. fossiliferous carbonate 
grain, and 3. horizontally-oriented mica grain.  Magnification is 200x and field width 
is 1.50 mm. 
 
1 
3 
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Figure 4.119.  SEM Image of HWD-10.5 Showing Striations on Quartz Grain. 
 
 
 
 
Description:  Location 1 as indicated in Figure 4.118.  Surface striation-like features 
at right side of grain are crystal-controlled surface fractures.  Magnification is 800x 
and field width is 0.375 mm. 
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Figure 4.120.  SEM Image of HWD-10.5 Showing Fossiliferous Carbonate Grain. 
 
 
 
 
Description:  Location 2 as indicated in Figure 4.118.  Fossiliferous carbonate grain.  
Magnification is 1500x and field width is 0.20 mm. 
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Figure 4.121.  SEM Image of HWD-10.5 Showing Preferential Orientation of Mica 
Grains. 
 
 
 
 
Description:  Intact specimen.  Predominately angular to subangular, sub-elongate 
quartz grains with elongate mica.  Grain-supported fabric with point contact between 
grains.  Mica (circled) has preferred horizontal orientation.  Magnification is 200x and 
field width is 1.50 mm. 
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Figure 4.122.  SEM General Area Image of HWD-15.0. 
 
 
 
 
Description:  Intact specimen.  Predominately angular to subangular, subspheroidal to 
subelongate quartz grains.  Fabric is grain-supported with point contact between 
grains.  Magnification is 200x and field width is 1.50 mm 
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Figure 4.123.  Magnified Image of HWD-15.0 from Figure 4.122 Showing 
Fossiliferous Grain and Quartz Grains. 
 
 
 
 
Description:  Enlarged image of circled area in Figure 4.122.  Fossiliferous grain at 
left, quartz grain at right, and quartz grain at top.  Magnification is 800x and field 
width is 0.375 mm 
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Figure 4.124.  SEM Image of HWD-15.0 Showing Surface Etching of Quartz Grain. 
 
 
 
 
Description:  Intact specimen.  Subangular, subspheroidal quartz grain showing 
surface etching with crystallographically-controlled plate forms.  Magnification is 
1500x and field width is 0.20 mm. 
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Figure 4.125.  SEM General Area Image of HWD-15.0 with Horizontally-oriented 
Mica Grain. 
 
 
 
 
Description:  Intact specimen.  Predominately angular to subangular, subspheroidal to 
elongate quartz grains in grain-supported fabric.  Circled area contains a horizontally-
oriented mica grain.  Magnification is 400x and field width is 0.75 mm 
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Figure 4.126.  SEM General Area Image of HWD-15.0. 
 
 
 
 
Description:  Intact specimen.  Predominately angular to subangular, subspheroidal 
quartz grains in grain-supported fabric.  Magnification is 200x and field width is 1.50 
mm. 
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4.4.2.4  Sampit 
 
 
Figure 4.127.  SEM General Area Image of SAM-12.5. 
 
 
 
 
Description:  Intact specimen.  Angular to subangular, subspheroidal to subelongate 
quartz grains in grain-supported fabric with point contacts.  Magnification is 140x and 
field width is 2.15 mm.  Circled area enlarged in Figure 4.128. 
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Figure 4.128.  Magnified Area of Figure 4.127 of SAM-12.5 Showing Quartz Grain 
Surface Details. 
 
 
 
 
Description:  Large circle contains enlarged image of circled area in Figure 4.127.  
Quartz grains showing point contacts with adjacent grains.  Smaller circle enlarged in 
Figure 4.129.  Magnification is 300x and field width is 1.00 mm. 
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Figure 4.129.  Magnified Area of Figure 4.128 of SAM-12.5 Showing Quartz Grain 
Detail. 
 
 
 
 
Description:  Enlarged image of small circled area in Figure 4.128.  Angular quartz 
grains, subspheroidal at left, subelongate at right.  Grain supported fabric with point 
contacts.  Magnification is 600x and field width is 0.50 mm. 
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Figure 4.130.  SEM General Area Image of SAM-12.5 with Mica Grain. 
 
 
 
 
Description:  Intact specimen.  Predominately angular to subangular, subspheroidal to 
subelongate quartz grains with grain-supported fabric and point contacts between 
grains.  Vertically-oriented mica grain is shown in middle of circled area.  
Magnification is 140x and field width is 2.15 mm. 
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Figure 4.131.  Magnified Image of Mica Grain Shown in Figure 4.129 of SAM-12.5. 
 
 
 
 
Description:  Enlargement of mica grain in circled area in Figure 4.130.  
Magnification is 300x and field width is 1.00 mm. 
 354 
 
 
 
Figure 4.132.  SEM General Area Image of SAM-16.0 Showing Quartz Grains and 
Horizontally-oriented Mica Grains. 
 
 
 
Description:  Intact specimen.  Predominately angular to subangular, sub-spheroidal to 
sub-elongate quartz grains and mica in a grain-supported fabric with point contacts.  
Two horizontally-oriented mica flakes are in the center of the field.  Magnification is 
150x and a field width of 2.00 mm.  See Figure 4.133 for higher magnification of 
circled area. 
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Figure 4.133.  Magnified View of Figure 4.132 of SAM-16.0 Showing Edge View of 
Mica Grain and Grain Contact Detail. 
 
 
 
 
Description:  Edge view of mica flake at mid-right side of circled area shown in 
Figure 4.132.  Magnification is 600x and the field width is 0.50 mm. 
 
 356 
 
 
 
 
Figure 4.134.  SEM General Area Image of SAM-16.0. 
 
 
 
 
Description:  Intact specimen.  Subangular and sub-spheroidal to sub-elongate quartz 
grains in a grain-supported fabric with point contacts.  Magnification is 140x and 
field width is 2.15 mm. 
 
 357 
 
 
 
Figure 4.135.  Magnified Image of Figure 4.134 of SAM-16.0 Showing Quartz Grain 
Surface Details. 
 
 
 
 
Description:  Enlarged image of circled area in Figure 4.134.  Quartz grains are 
numbered for reference to Figure 4.136.  Magnification is 300x and field width is 1.00 
mm.  Upper circle encompasses quartz grain with horizontal plate structure formed by 
dissolution of quartz. 
 
1 
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Figure 4.136.  Magnified Image of Figure 4.135 of SAM-16.0 Showing Quartz Grain 
Surface Details. 
 
  
 
Description:  Enlarged image of circled area in Figure 4.135.  Grains numbered 1 and 
2 are subangular, subspheroidal quartz grains showing point contacts.  Magnification 
is 600x and field width is 0.50 mm. 
 
1 
2 
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5.  
Chapter 5 
Analysis of Field and Laboratory Data 
 
5.1  Introduction 
This chapter provides the analyses of field and laboratory results from the CPTs, 
SPTEs, and CTX tests given in Chapter 4.  The analyses provide a comparison of the 
cyclic resistance ratios (CRR) derived from currently available evaluation methods (Cetin 
et al., 2004; Idriss and Boulanger, 2008; Youd et al., 2001) with the cyclic stress ratio 
(CSR) based on earthquake accelerations expected at each research site, which indicates 
the susceptibility of the soils to liquefaction. 
The analyses also provide a comparison between the cyclic resistance ratios from 
the available methods based on SPTE and CPT data with the cyclic resistance ratios 
determined from the cyclic triaxial tests.  In all cases, the clean sand CRR for the 
Pleistocene soils (CRRPcs) are determined and compared to the Holocene clean sand CRR 
(CRRHcs) of each method and the methods are compared to the other respective methods.  
The CRRPcs relative to the CRRHcs indicates the effect of soil aging on the increase in 
liquefaction resistance of the soil. 
Analysis of the CTX tests has been incorporated into the analysis of the SPTE and 
CPT analyses in Sections 5.2 and 5.3, respectively.  The CSR values of the CTX tests 
were adjusted to the CRRfield values as given in Eqn. 3-56 and then compared to CRR 
values of the Pleistocene and Holocene clean sand curves. 
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Based on the CPT results, three-dimensional surface fitting was used to correlate 
the age of the soil with the qc1N to predict the CRR of the soils. 
 
5.2  Standard Penetration Test 
The analyses using the SPTE were performed using two sets of data.  The first set 
consisted of all SPTE intervals that coincided with the CTX specimen elevation intervals, 
which included SPTE blow count values and fines content data.  The second set consisted 
of blow count values and fines content data for all SPTE split spoon intervals within the 
saturated soil layers.  The SPTE data were analyzed using several methods – Cetin et al. 
(2004) (also referred to as Cetin/Seed and C/S), Idriss and Boulanger (2008) (also 
referred to as Idriss/Boulanger and I/B), and Youd et al. (2001) (also referred to as 
Youd/NCEER and Y/N). 
 
5.2.1  Field Cyclic Stress Ratio 
 The field cyclic stress ratio (CSR) is based on the stress generated by an 
earthquake using peak ground acceleration as a primary input.  In the analyses it is 
compared to the cyclic resistance ratio (CRR) determined from the C/S, I/B, and Y/N 
methods, which are based on Holocene age soils.  Based on the position of the CSR 
relative to the CRR, the potential for liquefaction can be determined for given peak 
ground accelerations. 
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5.2.1.1  Four Hole Swamp 
Figure 5.1 shows the CRR based on the methods of C/S, I/B, and Y/N for the 
(N1)60 data from FHS and the CSR generated by the earthquake based on the same three 
methods at varying ground accelerations.  Accelerations used for determining the CSRs 
are based on the USGS National Environmental Hazards Research Program (USGS, 
2014). 
Accelerations at the FHS site are estimated to range from 0.37 g (5% probability 
of exceedance in 50 yrs) to 0.74 g (2% probability of exceedance in 50 yrs).  For the three 
methods for determining the CRR and the respective method for determining CSR (C/S, 
I/B, or Y/N), the CSR exceeds the CRR for the minimum expected ground acceleration of 
0.37 g.  Subsequently, the soils are determined as liquefiable at less than 0.3 g regardless 
of the method used to calculate CRR and CSR, however, the I/B method indicates that 
the soils maintain slightly greater liquefaction resistance that varies with depth than 
determined using the C/S and Y/N methods.  The CSR determined from the Y/N method 
is slightly greater than the I/B method, which are both greater than the C/S method, 
particularly as depth increases.  The CRRfield value based on the CSR of the CTX 
specimens at Nl = 15 cycles (Section 4.3.4) is indicated over the elevation intervals of the 
CTX specimens in Figure 5.1 and coincides with the CRR of the FHS sand. 
 
5.2.1.2  Hollywood 
Soils at HWD show similar trends and relationships as at FHS with the Y/N 
method resulting in a CRR that is intermediate between the CRR determined using the 
C/S and I/B methods as shown in Figure 5.2.  Accelerations at the HWD site are 
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estimated to range from 0.36 g (5% probability of exceedance in 50 yrs) to 0.87 g (2% 
probability of exceedance in 50 yrs).  For the three methods for determining CRR and the 
respective method for determining CSR (C/S, I/B, or Y/N), the CSR exceeds the CRR for 
the minimum expected ground acceleration of 0.36 g. 
Liquefaction is expected to occur at a ground acceleration of less than 0.3 g 
regardless of the method used to calculate CRR and CSR, however, the I/B method 
indicates that the soils maintain slightly greater liquefaction resistance that varies with 
depth than that determined using the C/S and Y/N methods.   
The CSR determined from the Y/N method is slightly greater than the I/B method, 
which are both greater than the C/S method, particularly as depth increases.  The CRRfield 
value is indicated over the elevation intervals of the CTX specimens in Figure 5.2 and 
coincides with the CRR of the HWD Pleistocene sand. 
 
5.2.1.3  Sampit 
The soils at SAM indicate that liquefaction will occur for most of the soil profile 
at a ground acceleration less than 0.2 g and all soils will liquefy at a ground acceleration 
of 0.4 g as shown in Figure 5.3.  Accelerations at the SAM site are estimated to range 
from 0.25 g (5% probability of exceedance in 50 yrs) to 0.52 g (2% probability of 
exceedance in 50 yrs).  For the three methods for determining CRR and the respective 
method for determining CSR (C/S, I/B, or Y/N), the CSR exceeds the CRR for the 
minimum expected ground acceleration of 0.25 g.  Subsequently, most of the soils are 
determined as liquefiable at less than 0.2 g regardless of the method used to calculate 
CRR and CSR, however, the I/B method indicates that the soils maintain greater 
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liquefaction resistance that varies with depth (greatest near the top of the soil profile) than 
determined using the C/S and Y/N methods.  The CSR determined from the Y/N method 
is slightly greater than the I/B method, which are both greater than the C/S method, 
particularly as depth increases.  The non-presence of CRR data points indicates that no 
liquefaction will occur for the soils in these areas.  The CRRfield value is indicated over 
the elevation intervals of the CTX specimens in Figure 5.3 and coincides with the CRR of 
the SAM Pleistocene sand. 
 
5.2.2  Field Cyclic Resistance Ratio 
 The field cyclic resistance ratio (CRRfield) is derived from adjustments to the CTX 
cyclic stress ratio (Seed, 1979; Ishihara et al., 1977).  The CRRfield values are less than the 
CSR values as shown in Table 5.1.  The (N1)60 are averaged for the coinciding elevation 
intervals of the CTX specimens and the (N1)60Pcs is determined based on the fines content 
of the soil for the split-spoon sample interval.  The CRRfield values are compared to the 
average CRRPcs and CRR of the Holocene clean sand curve (CRRHcs) as given in Table 
5.1.  For all methods, the (N1)60Pcs exceeds the (N1)60 values and the CRRPcs exceeds the 
CRRHcs.  The I/B method yields the greatest CRRPcs followed by the Y/N method.  The 
lowest value of CRRPcs is given by the C/S method.  CRRPcs from all three methods from 
the SAM site are greater than the CRRPcs from the FHS and HWD sites with the FHS site 
having the lowest CRRPcs.  Subset 1 CRRPcs from the SAM site is markedly greater than 
the Subset 2 CRRPcs. 
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Figure 5.1.  CRR Based on C/S, I/B, and Y/N Methods using (N1)60 from 
FHS-SPTE-1 Relative to CSR for Ground Accelerations at the Four Hole 
Swamp Site. 
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Figure 5.2.  CRR Based on C/S, I/B, and Y/N Methods using (N1)60 from HWD-
SPTE-1 Relative to the CSR for Ground Accelerations at the Hollywood Site. 
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Figure 5.3.  CRR Based on C/S, I/B, and Y/N Methods using (N1)60 from SAM-
SPTE-1 Relative to CSR for Ground Accelerations at the Sampit Site. 
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Table 5.1.  CRRPcs Clean Sand Values Determined from (N1)60 using the C/S, 
I/B, and Y/N Methods for CTX Elevation Intervals. 
Site CSR CRRfield Method (N1)60 (N1)60Pcs CRRPcs CRRHcs 
FHS 0.155 0.100 
C/S 5.13 5.86 0.070 0.050 
I/B 6.44 7.74 0.104 0.095 
Y/N 4.59 5.60 0.078 0.061 
HWD 0.164 0.098 
C/S 5.69 6.82 0.077 0.052 
I/B 6.82 9.62 0.116 0.097 
Y/N 5.02 7.54 0.092 0.063 
SAM 
(All data) 
0.168 0.131 
C/S 10.77 11.11 0.096 0.077 
I/B 12.13 12.13 0.137 0.133 
Y/N 9.87 9.87 0.114 0.105 
SAM 
(Subset 1) 
0.174 0.136 
C/S 10.77 11.11 0.096 0.077 
I/B 12.13 12.13 0.137 0.133 
Y/N 9.87 9.87 0.122 0.105 
SAM 
(Subset 2) 
0.152 0.119 
C/S 8.86 9.20 0.080 0.066 
I/B 9.71 9.71 0.119 0.116 
Y/N 8.44 8.44 0.117 0.091 
 
5.2.2.1  Site Analysis 
In the following sections, the data are analyzed for each site - FHS, HWD, and 
SAM.  Data for each site is presented in tables and comparisons of the data are shown in 
plots of (N1)60 versus the CRR.  Regression curves are shown for each data set.  Each 
data set was generated using one of the three methods – C/S, I/B, or Y/N and are 
compared with the CRRfield values.  The data for each method is analyzed using the (N1)60 
values that coincide with the CTX elevation intervals and using the (N1)60 values that 
coincide with all split spoon sample intervals. 
 
5.2.2.1.1  Four Hole Swamp 
 The CRRPcs determined for the FHS Pleistocene soils using the C/S, I/B, and Y/N 
methods based on (N1)60 is given in Table 5.1.  The CRRPcs is the cyclic resistance ratio 
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of the Pleistocene soils that has been adjusted to the clean sand equivalent given the fines 
content.  Also, the cyclic stress ratio from the cyclic triaxial test (CSR), cyclic resistance 
ratio adjusted for the state of stress in the field (CRRfield), adjusted and normalized blow 
count (N1)60, adjusted and normalized blow count with clean sand correction for the 
Pleistocene sand (N1)60Pcs, and the cyclic resistance ratio occurring at (N1)60 from the 
Holocene clean sand curves (CRRHcs) are given in Table 5.1. 
The CRRfield values, after providing the adjustment for the difference in the in situ 
at-rest (K0) stress state and at-rest stress state in the triaxial specimen (K0tx) (Seed, 1979; 
Ishihara et al., 1977), are less than the CSR values that were defined as causing 
liquefaction at 15 cycles (Section 4.3.4.1) as shown in Table 5.1.  As also shown in Table 
5.1, (N1)60Pcs values are greater than (N1)60 for the applied methods and the CRRPcs are 
greater than the CRRHcs for the three methods. 
Table 5.2 lists the fines content, USCS, and D50 for the soil samples that were 
included in the cyclic resistance analyses for reference.  The D50 for the soils (exclusive 
of CL) ranges from 0.080 to 1.60 mm.  Tables 5.3 through 5.5 give the N, (N1)60, 
(N1)60Pcs, and CRRPcs determined from the C/S, I/B, and Y/N methods for each elevation 
interval of the CTX specimens and the split-spoon sample intervals.  CRRPcs ranges from 
0.056 to 0.097 with an average of 0.077 for the C/S method.  For the I/B method, CRRPcs 
ranges from 0.084 to 0.141 with an average of 0.113 and for the Y/N method CRRPcs 
ranges from 0.059 to 0.114 with an average of 0.088. 
The CRRPcs curves determined using the C/S, I/B, and Y/N methods plot higher 
than the Holocene clean sand curves at the equivalent (N1)60 values as shown in Figure 
5.4.  Figure 5.5 shows the data and curves in greater detail.  The data indicate that after an 
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adjustment for the fines content, there remains a property of the soil that causes CRRPcs 
values to exceed the CRRHcs of the Holocene clean sand curve.  The CRRfield values from 
the CTX CSR values are also plotted in Figure 5.5 and indicate the CRRfield values that 
use the C/S and Y/N methods to calculate (N1)60 are greater than the CRRHcs.  The 
CRRfield using the I/B method to calculate (N1)60 occurs slightly lower than the CRRHcs 
value at the same (N1)60 as shown in Figure 5.5.  The most probable reason for the 
CRRfield and CRRPcs exceeding the Holocene clean sand curve is the age of the soil, 
which is about 1.4 million years older than the soils used to generate the Holocene clean 
sand curves by way of the C/S, I/B, and Y/N methods. 
 The C/S clean sand curve, which is based on Holocene soils, lies below the FHS 
clean sand curve formed by the relationship between (N1)60 and the clean sand CRR 
(Figure 5.5).  At the average (N1)60 (using the average value equal to 5.13) occurring for 
the CTX specimens at the equivalent SPTE sample elevation, the CRRPcs is equal to 
0.070 and the CRRHcs is 0.050.  This indicates the CRRPcs determined from the average 
(N1)60 is 40.0% greater than the CRRHcs for the equivalent (N1)60.  The CSR from the 
CTX tests is 204% greater than the CRRHcs and 117% greater than the CRRPcs.  The 
relative relationship between the CRRPcs and CRRHcs curves does not change when all 
split-spoon intervals are used as shown in Figure 5.6 (and more clearly shown in Figure 
5.7). 
The clean sand curve from the I/B method, which is also based on Holocene soil, 
lies below the FHS Pleistocene clean sand curve that is determined from the I/B method 
as shown in Figure 5.5.  The average (N1)60 (average value equal to 6.44) for the CTX 
specimens at the equivalent SPTE sample elevation produces a CRRPcs equal to 0.104.  
 370 
The CRRHcs at this (N1)60 value is 0.095 with the CRRPcs being 9.5% of this value.  The 
CSR (0.152) for the CTX specimens is 60.0% greater than the CRRHcs and 46.2% greater 
than the CRRPcs. 
 The Y/N clean sand curve that is based on Holocene soils lies below the FHS 
clean sand curve formed by the relationship between (N1)60 and the CRRPcs as shown in 
Figure 5.5.  At the average (N1)60 (average value equal to 4.59) for the CTX specimens at 
the equivalent SPTE sample elevation, the CRRPcs is equal to 0.078 and the CRRHcs is 
0.061.  This indicates the CRRPcs determined from (N1)60 is 27.9% greater than the 
CRRHcs for the equivalent (N1)60 for Holocene sand. 
Figures 5.6 and 5.7 show all CRR values for which (N1)60Pcs could be determined 
using each method.  The addition of data outside of the CTX intervals does not change 
the relative positions of the CRRPcs curves relative to the Holocene clean sand base 
curves for each respective method.  Note that at low (N1)60, the Y/N Holocene clean sand 
curve lies between the C/S and I/B Holocene clean sand curves.  The I/B method shows 
the highest CRRPcs values and the C/S method shows the lowest CRRPcs.  The CTX-
CRRPcs are average values from the CTX intervals and plot very close to the best-fit lines 
of each data set. 
In a comparison of the three methods, the C/S method yields an (N1)60 that is 
20.3% lesser than the I/B (N1)60 (using (N1)60 values from the average, i.e. 5.13 and 6.44 
rather than 5 and 6) for the interval that includes the CTX specimens.  The (N1)60 from 
the I/B method is 40.3% higher than the Y/N (N1)60.  The C/S method maintains an (N1)60 
value that is 11.8% greater than the (N1)60 determined using the Y/N method. 
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Table 5.2.  Summary of Soil Characteristics for 
SPT Sample Intervals at FHS. 
Elevation (m) FC 
USCS 
D50 
from to (%) (mm) 
20.35 20.19 19.26 SC 0.140 
20.19 20.04 15.14 SC 0.150 
19.95 19.92 16.03 SC 0.147 
19.77 19.58 1.34 SP 1.600 
19.58 19.43 4.84 SP 0.171 
19.28 19.13 10.31 SP-SC 0.113 
19.13 18.97 13.13 SP-SC 0.159 
18.97 18.82 8.64 SP-SC 0.170 
18.73 18.55 12.76 SP-SC 0.151 
18.55 18.36 7.69 SP-SC 0.159 
18.36 18.21 9.13 SP-SC 0.256 
18.01 17.94 10.90 SP-SC 0.170 
17.88 17.76 12.10 SW-SC 0.191 
17.76 17.60 10.38 SW-SC 0.260 
17.54 17.27 7.01 SP 0.220 
17.05 16.99 40.89 SM 0.080 
16.99 16.76 35.68 SC 0.087 
16.75 16.54 40.09 SM 0.084 
16.54 16.38 46.31 SC 0.081 
16.23 16.08 39.35 SC 0.106 
16.08 15.93 50.10 CL 0.075 
 
Table 5.3.  Summary of Soil Parameters from FHS used in the C/S Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
19.74 2.13 1.34 SP 7 9.65 9.77 0.097 
19.13 2.74 11.72 SP-SC 6 8.27 9.24 0.096 
18.52 3.35 10.23 SP-SC 2 2.45 3.06 0.056 
17.91 3.96 11.51 SP-SC 4 5.56 6.39 0.071 
17.30 4.57 7.01 SP 3 4.27 4.74 0.059 
16.69 5.18 38.90 SC/SM 3 4.44 7.07 0.083 
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Table 5.4.  Summary of Soil Parameters from FHS used in the I/B Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
19.74 2.13 1.34 SP 7 12.98 12.98 0.140 
19.13 2.74 11.72 SP-SC 6 11.12 13.06 0.141 
18.52 3.35 10.23 SP-SC 2 3.33 4.59 0.084 
17.91 3.96 11.51 SP-SC 4 6.34 8.18 0.106 
17.30 4.57 7.01 SP 3 4.98 5.12 0.087 
16.69 5.18 38.90 SC/SM 3 4.91 10.47 0.121 
 
Table 5.5.  Summary of Soil Parameters from FHS used in the Y/N Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
19.74 2.13 1.34 SP 7 8.89 8.89 0.103 
19.13 2.74 11.72 SP-SC 6 7.35 8.85 0.103 
18.52 3.35 10.23 SP-SC 2 2.13 3.10 0.059 
17.91 3.96 11.51 SP-SC 4 4.97 6.40 0.083 
17.30 4.57 7.01 SP 3 3.91 4.03 0.065 
16.69 5.18 38.90 SC/SM 3 4.14 10.14 0.114 
  
5.2.2.1.2  Hollywood 
The CRRPcs determined for the HWD Pleistocene soils using the C/S, I/B, and Y/N 
methods based on (N1)60 is given in Table 5.1 for (N1)60 values determined at equivalent 
elevation intervals from CTX specimens.  Also, the cyclic stress ratio from the cyclic 
triaxial test (CSR), cyclic resistance ratio adjusted for the state of stress in the field 
(CRRfield), adjusted and normalized blow count (N1)60, adjusted and normalized blow 
count with clean sand correction for the Pleistocene sand (N1)60Pcs, and the cyclic 
resistance ratio occurring at (N1)60 from the Holocene clean sand curves (CRRHcs) are 
given in Table 5.1.   
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Figure 5.4.  CRRPcs from CTX Elevation Intervals based on (N1)60 from FHS-
SPTE-1 using C/S, I/B, and Y/N Methods and Average CRRfield from FHS Cyclic 
Triaxial Tests (four data points per method). 
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Figure 5.5.  Expanded View of CRRPcs from CTX Elevation Intervals based on (N1)60 
from FHS-SPTE-1 using C/S, I/B, and Y/N Methods and Average CRRfield from FHS 
Cyclic Triaxial Tests (four data points per method). 
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Figure 5.6.  CRRPcs from Sample Intervals based on (N1)60 from FHS-SPTE-1 
using C/S, I/B, and Y/N Methods and Average CRRfield from FHS Cyclic Triaxial 
Tests (six data points per method). 
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Figure 5.7.  CRRPcs from Sample Intervals based on (N1)60 from FHS-SPTE-1 using 
C/S, I/B, and Y/N Methods and Average CRRfield from FHS Cyclic Triaxial Tests 
(five data points per method). 
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from 0.062 to 0.190 mm.  Tables 5.8 through 5.10 give the N, (N1)60, (N1)60Pcs, and 
CRRPcs determined from the C/S, I/B, and Y/N methods, which include all split-spoon 
intervals within the soil layer.  The CRRPcs for the C/S method ranges from 0.052 to 
0.670 with an average of 0.144.  For the I/B method, CRRPcs ranges from 0.095 to 2.00 
with an average of 0.330 and for the Y/N method the CRRPcs ranges from 0.075 to 0.485 
with an average of 0.146. 
The CRRPcs curves determined using the C/S, I/B, and Y/N methods plot higher 
than the respective Holocene clean sand curves at the equivalent (N1)60 values as shown 
in Figures 5.8 and 5.9 (enlarged for clarity).  This indicates that after an adjustment for 
the fines content, there remains an effect that causes CRRPcs values to exceed the CRRHcs 
of the Holocene clean sand curve.  The CRRfield values from the CTX CSR values are 
also plotted in Figures 5.8 and 5.9 and indicate the CRRfield values that use the C/S and 
Y/N methods to calculate (N1)60 are greater than the CRRHcs.  The CRRfield using the I/B 
method to calculate (N1)60 plots slightly lower than the CRRHcs value at the same (N1)60 
as shown in Figure 5.8.  Figure 5.9 shows this in greater detail.  The most probable 
reason for the CRRfield and CRRPcs exceeding the Holocene clean sand curve is the age of 
the soil, which is about 200,000 to 240,000 years older than the soils used to generate the 
Holocene (10,000 years old) clean sand curves by way of the C/S, I/B, and Y/N methods. 
 Table 5.1 contains the values used to determine the comparisons of (N1)60Pcs vs. 
(N1)60, CSR vs. CRRPcs, CRRfield vs. CRRPcs, CRRPcs vs. CRRHcs, and CRRfield vs. 
CRRHcs, which are given in Table 5.2.  The CRRfield values, after providing the 
adjustment for the difference in the in situ at-rest (K0) stress state and at-rest stress state 
in the triaxial specimen (K0tx) (Seed, 1979; Ishihara et al., 1977), are less than the CSR 
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values that were defined as causing liquefaction at 15 cycles (Section 4.3.4.2).  The CSR 
values are 113%, 41.4%, and 78.3% greater than the Pleistocene clean sand CRR 
(CRRPcs).  The CRRfield value (0.098) is 27.3% greater than the CRRPcs (0.077) for the 
C/S method, 15.5% lesser (0.098 vs. 0.116) for the I/B method, and 6.52% greater (0.098 
vs. 0.092) for the Y/N method. 
The C/S clean sand curve, which is based on Holocene soils, lies below the HWD 
Pleistocene clean sand curve as shown in Figure 5.8 and in greater detail in Figure 5.9.  
At the average (N1)60 (average value equal to 5.69) occurring for the CTX specimens at 
the equivalent SPTE sample elevation, the CRRPcs is equal to 0.077 and the CRRHcs is 
0.052.  This indicates the CRRPcs determined from the average (N1)60 is 48.1% greater 
than the CRRHcs for the equivalent (N1)60.  The CSR from the CTX tests is 215% greater 
than the CRRHcs and 113% greater than the CRRPcs.  Table 5.2 contains the comparisons 
of the values. 
The clean sand curve from the I/B method, which is also based on Holocene soil, 
lies below the HWD clean sand curve that is determined from the I/B method.  The 
average (N1)60 (average value equal to 6.82) for the CTX specimens at the equivalent 
SPTE sample elevation produces a CRRPcs equal to 0.116.  The CRRHcs at this (N1)60 
value is 0.097 with the CRRPcs being 19.6% greater than this value.  The CSR (0.164) for 
the CTX specimens is 69.1% greater than the CRRHcs and 41.4% greater than the CRRPcs.  
The comparisons are included in Tables 5.1 and 5.2. 
 The Y/N clean sand curve that is based on Holocene soils lies below the HWD 
clean sand curve formed by the relationship between (N1)60 and the CRR.  At the average 
(N1)60 (average value equal to 5.02) for the CTX specimens at the coinciding SPTE 
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sample elevation, the CRRPcs is equal to 0.092 and the CRRHcs is 0.063.  This indicates 
the CRRPcs determined from (N1)60 is 46.0% greater than the CRRHcs for the equivalent 
(N1)60 for Holocene sand. 
Figures 5.10 and 5.11 (of greater detail) show all CRR values for which (N1)60Pcs 
could be determined.  The data set consists of nine SPTE intervals within the liquefiable 
sand.  These figures show that the addition of data outside of the CTX intervals does not 
change the positions of the CRRPcs curves relative to the Holocene clean sand base curves 
for each respective method.  The CRRPcs curve from the I/B method plots higher than the 
Y/N and C/S CRRPcs curves as shown in Figure 5.11.  The average CRRPcs from the CTX 
intervals plot slightly lower than the curves consisting of all available split-spoon sample 
intervals. 
In a comparison of the three methods, the C/S method yields an (N1)60 that is 
16.6% lesser than the I/B (N1)60 (using (N1)60 values from the average, i.e. 5.69 and 6.82 
rather than 6 and 7) for the interval that includes the CTX specimens.  The (N1)60 from 
the I/B method is 35.9% higher than the Y/N (N1)60.  The C/S method maintains an (N1)60 
value that is 13.3% greater than the (N1)60 determined using the Y/N method.  (N1)60Pcs 
values exceed the (N1)60 values by 19.9%, 41.1%, and 50.2% for the C/S, I/B, and Y/N 
methods, respectively, as given in Table 5.2. 
Some (N1)60 data are missing because energy measurements were not available 
for intervals at elevations 6.65 and 6.04 meters. 
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Table 5.6.  Summary of Soil 
Characteristics for SPT Intervals at HWD. 
Elevation (m) FC 
USCS 
D50 
from to (%) (mm) 
7.56 7.16 13.41 SP-SC 0.130 
6.95 6.86 59.62 ML 0.062 
6.86 6.62 12.38 SP-SC 0.130 
6.34 5.98 13.00 SP-SM 0.120 
5.73 5.27 8.11 SP-SM 0.110 
5.12 4.67 13.43 SP-SM 0.101 
4.51 4.06 29.06 SM 0.084 
3.90 3.75 33.33 SM 0.086 
3.75 3.57 37.73 SM 0.096 
3.29 2.84 22.44 SM 0.094 
2.68 2.23 15.24 SC-SM 0.160 
2.07 1.98 15.51 SC-SM 0.190 
1.98 1.62 14.94 SP-SM 0.140 
1.62 1.37 13.42 SP-SC 0.127 
1.37 1.22 16.48 SP-SC 0.128 
 
Table 5.7.  Summary of Soil Parameters from HWD used in the C/S Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
7.26 1.52 13.41 SP-SC 17 28.45 30.65 0.670 
5.43 3.35 8.11 SP-SM 5 7.44 8.08 0.082 
4.82 3.96 13.43 SP-SM 5 8.19 9.30 0.091 
4.21 4.57 29.06 SM 1 1.45 3.08 0.058 
3.60 5.18 37.73 SM 1 1.33 3.41 0.061 
2.99 5.79 22.44 SM 1 1.41 2.66 0.052 
2.38 6.40 15.24 SC-SM 9 14.30 15.93 0.141 
1.77 7.01 14.94 SP-SM 5 7.25 8.43 0.076 
1.16 7.62 16.48 SP-SC/CL 4 5.65 6.85 0.066 
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Table 5.8.  Summary of Soil Parameters from HWD used in the I/B Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
7.26 1.52 13.41 SP-SC 17 35.09 37.77 2.000 
5.43 3.35 8.11 SP-SM 5 9.76 10.16 0.119 
4.82 3.96 13.43 SP-SM 5 9.03 11.71 0.130 
4.21 4.57 29.06 SM 1 1.67 6.99 0.098 
3.60 5.18 37.73 SM 1 1.51 7.06 0.099 
2.99 5.79 22.44 SM 1 1.60 6.42 0.095 
2.38 6.40 15.24 SC-SM 9 15.16 18.50 0.189 
1.77 7.01 14.94 SP-SM 5 7.56 10.80 0.124 
1.16 7.62 16.48 SP-SC/CL 4 5.91 9.62 0.115 
 
Table 5.9.  Summary of Soil Parameters from HWD used in the Y/N Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
7.26 1.52 13.41 SP-SC 17 27.15 30.23 0.485 
5.43 3.35 8.11 SP-SM 5 6.44 6.85 0.086 
4.82 3.96 13.43 SP-SM 5 7.29 9.60 0.110 
4.21 4.57 29.06 SM 1 1.32 6.16 0.081 
3.60 5.18 37.73 SM 1 1.23 6.48 0.083 
2.99 5.79 22.44 SM 1 1.33 5.44 0.075 
2.38 6.40 15.24 SC-SM 9 13.64 16.88 0.180 
1.77 7.01 14.94 SP-SM 5 6.99 9.81 0.111 
1.16 7.62 16.48 SP-SC/CL 4 5.50 8.70 0.102 
 
5.2.2.1.3  Sampit 
The CRRPcs determined for the SAM Pleistocene soils using the C/S, I/B, and 
Y/N methods based on (N1)60 is given in Table 5.1 in addition to the cyclic stress ratio 
from the cyclic triaxial test (CSR), cyclic resistance ratio adjusted for the state of stress in 
the field (CRRfield), adjusted and normalized blow count (N1)60, adjusted and normalized 
blow count with clean sand correction for the Pleistocene sand (N1)60Pcs, and the cyclic 
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resistance ratio at (N1)60 from the Holocene clean sand curves (CRRHcs).  Table 5.2 
contains ratio values for (N1)60Pcs/(N1)60, CSR/CRRPcs, CRRfield/CRRPcs, CRRPcs/CRRHcs, 
and CRRfield/CRRHcs.  Table 5.11 lists the fines content, USCS, and D50 for soil samples 
that were included in the cyclic resistance analyses.  For the sandy soils (CL and CL-ML 
excluded), the D50 values range from 0.115 to 0.300 mm.  Tables 5.12 through 5.14 give 
the N, (N1)60, (N1)60Pcs, and CRRPcs determined from the C/S, I/B, and Y/N methods. 
 
Table 5.10  Summary of Soil 
Characteristics for SPT Intervals at SAM. 
Elevation (m) FC 
USCS 
D50 
from to (%) (mm) 
12.49 12.15 8.53 SP-SC 0.160 
11.88 11.79 3.86 SP 0.170 
11.73 11.64 6.31 SP-SM 0.170 
11.21 10.87 2.84 SP 0.190 
10.63 10.39 9.68 SP-SC 0.155 
10.39 10.32 3.38 SP 0.160 
9.99 9.71 3.82 SP 0.160 
9.38 9.32 4.49 SP 0.160 
9.23 9.11 2.71 SP 0.160 
8.83 8.56 3.10 SP 0.152 
8.56 8.53 3.75 SP 0.300 
8.50 8.34 2.20 SP 0.155 
8.16 8.04 3.40 SP 0.150 
8.04 7.89 3.28 SP 0.230 
7.89 7.73 3.16 SP 0.149 
7.22 7.12 6.25 SP-SC 0.156 
6.88 6.67 5.42 SP-SC 0.142 
6.36 6.06 60.62 CL 0.041 
5.57 5.39 35.06 SC 0.115 
5.14 5.02 58.44 CL-ML 0.049 
4.50 4.41 66.98 CL 0.028 
3.16 2.98 8.56 SP-SC 0.150 
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Figure 5.8  CRRPcs from CTX Intervals based on (N1)60 from HWD-SPTE-1 using 
C/S, I/B, and Y/N Methods and Average CRRfield from HWD Cyclic Triaxial Tests 
(three data points per method). 
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Figure 5.9.  Expanded View of CRRPcs from CTX Intervals based on (N1)60 from 
HWD-SPTE-1 using C/S, I/B, and Y/N Methods and Average CRRfield from HWD 
Cyclic Triaxial Tests (three data points per method). 
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Figure 5.10.  CRRPcs from Sample Intervals based on (N1)60 from HWD-SPTE-1 
using C/S, I/B, and Y/N Methods and Average CRRfield from HWD Cyclic Triaxial 
Tests (six data points per method). 
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Figure 5.11.  Expanded View of CRRPcs from Sample Intervals based on (N1)60 from 
HWD-SPTE-1 using C/S, I/B, and Y/N Methods and Average CRRfield from HWD 
Cyclic Triaxial Tests (six data points per method). 
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The CRRPcs curve determined using the C/S method for all data plots higher than 
the Holocene clean sand curves at the equivalent (N1)60 values as shown in Figures 5.12 
and 5.13 (greater detail).  The I/B and Y/N methods result in CRRPcs curves that lie 
approximately coincident with the respective Holocene clean sand curves.  The CRRfield 
values from the CTX CSR values are also plotted in Figure 5.12 and indicate the CRRfield 
values that use the C/S and Y/N methods to calculate (N1)60 are greater than the CRRHcs.  
The CRRfield using the I/B method to calculate (N1)60 plots slightly lower than the CRRHcs 
value at the same (N1)60 as shown in Figure 5.12.  The most probable reason for the 
CRRfield and CRRPcs exceeding the Holocene clean sand curve is the age of the soil, 
which is about 450,000 years older than the soils used to generate the Holocene (10,000 
years old) clean sand curves by way of the C/S, I/B, and Y/N methods. 
 Table 5.1 contains the values used to determine the comparisons of (N1)60Pcs vs. 
(N1)60, CSR vs. CRRPcs, CRRfield vs. CRRPcs, CRRPcs vs. CRRHcs, and CRRfield vs. 
CRRHcs, which are given in Table 5.2.  The CRRfield values, after providing the 
adjustment for the difference in the in situ at-rest (K0) stress state and at-rest stress state 
in the triaxial specimen (K0tx), are less than the CSR values that were defined as causing 
liquefaction at 15 cycles (Section 4.3.4.3).  The CSR values are 75.0%, 22.6%, and 
78.3% greater than the Pleistocene clean sand CRR (CRRPcs) for the C/S, I/B, and Y/N 
methods, respectively.  The CRRfield value (0.101) is 5.21% greater than the CRRPcs 
(0.096) for the C/S method, 26.3% lesser (0.101 vs. 0.137) for the I/B method, and 11.4% 
lesser (0.101 vs. 0.114) for the Y/N method. 
The C/S clean sand curve, which is based on Holocene soils, lies below the SAM 
clean sand curve formed by the relationship between (N1)60 and the clean sand CRR.  At 
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the average (N1)60 (average value equal to 10.77) occurring for the CTX specimens at the 
equivalent SPTE sample elevation, the CRRPcs is equal to 0.096 and the CRRHcs is 0.077.  
This indicates the CRRPcs determined from the average (N1)60 is 24.7% greater than the 
CRRHcs for the equivalent (N1)60.  The CSR from the CTX tests is 118% greater than the 
CRRHcs and 75.0% greater than the CRRPcs.  Table 5.2 contains a comparison of the 
values. 
The clean sand curve from the I/B method, which is also based on Holocene soil, 
lies below the SAM clean sand curve that is formed from the I/B method.  The average 
(N1)60 (average value equal to 12.13) for the CTX specimens at the equivalent SPTE 
sample elevation produces a CRRPcs equal to 0.137.  The CRRHcs at this (N1)60 value is 
0.133 with the CRRPcs being 3.01% greater than this value.  The CSR (0.168) for the 
CTX specimens is 26.3% greater than the CRRHcs and 22.6% greater than the CRRPcs. 
 The Y/N clean sand curve that is based on Holocene soils lies below the SAM 
clean sand curve.  At the average (N1)60 (average value equal to 9.87) for the CTX 
specimens at the equivalent SPTE sample elevation, the CRRPcs is equal to 0.114 and the 
CRRHcs is 0.105.  This indicates the CRRPcs determined from (N1)60 is 8.57% greater than 
the CRRHcs for the equivalent (N1)60 for Holocene sand. 
Figure 5.14 shows all CRR values for which (N1)60Pcs could be determined – those 
being the SPTE intervals within the liquefiable sand.  The addition of data outside of the 
CTX intervals does not change the position of the CRRPcs curves relative to the Holocene 
clean sand base curves for each respective method.  The C/S CRRPcs curve exceeds the 
C/S CRRHcs curve.  The I/B CRRPcs curve only slightly exceeds the CRRHcs at low (N1)60.  
The Y/N CRRPcs lies approximately on the CRRHcs curve. 
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In a comparison of the three methods for the entire SAM data set, the C/S method 
yields an (N1)60 that is 11.2% lesser than the I/B (N1)60 (using fractional (N1)60 values 
from the average, i.e. 10.77 and 12.13 rather than 11 and 12) for the interval that includes 
the CTX specimens.  The (N1)60 from the I/B method is 22.9% higher than the Y/N 
(N1)60.  The C/S method maintains an (N1)60 value that is 9.12% greater than the (N1)60 
determined using the Y/N method.  (N1)60Pcs values exceed the (N1)60 values by 3.16%, 
0.00%, and 0.00% for the C/S, I/B, and Y/N methods, respectively, as given in Table 5.2. 
Data Subset 1 maintains a slightly higher CSR (0.174 vs. 0.168) than the CSR of 
the entire data set and a CRRfield value equal to 0.104.  Values for (N1)60, (N1)60Pcs, 
CRRPcs, and CRRHcs are given in Table 5.1.  These values are the same as those for the 
entire data set.  Data Subset 2 maintains a CSR equal to 0.152 and a CRRfield equal to 
0.091.  The (N1)60, (N1)60Pcs, CRRPcs, and CRRHcs are all lesser than the values for the 
entire data set and Subset 1 as shown in Table 5.1.  The same trends are maintained also – 
the CSR is greater than the CRRPcs for the C/S, I/B, and Y/N methods, the CRRfield is 
greater than the CRRPcs for the C/S method and lesser for the I/B and Y/N methods, the 
CRRPcs is greater than the CRRHcs for all methods, and the CRRfield is greater than CRRHcs 
for the C/S method, less than for the I/B method, and equal for the Y/N method.  The 
ratio comparisons are shown in Table 5.2. 
Figure 5.15 shows the average CRRfield and average CRRPcs for all SAM data sets 
relative to the Holocene clean sand curves for the C/S, I/B, and Y/N methods.  CRRfield 
values for the all-inclusive data set, Subset 1, and Subset 2 plot above the Holocene clean 
sand curves for the C/S method.  The values plot below the respective clean sand curves 
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for the I/B and Y/N methods.  CRRPcs values for the three data sets plot above the 
respective clean sand curves for the C/S, I/B, and Y/N methods. 
 
 
 
Table 5.11.  Summary of Soil Parameters from SAM used in the C/S Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
12.92 0.30 15.37 SM 7 11.58 13.06 0.204 
12.31 0.91 8.53 SP-SC 8 13.27 14.15 0.163 
11.70 1.52 5.33 SP/SP-SM 13 22.64 23.39 0.284 
11.09 2.13 2.84 SP 12 20.72 21.10 0.223 
10.48 2.74 8.26 SP-SM 6 9.14 9.85 0.091 
9.87 3.35 3.82 SP 9 14.08 14.49 0.125 
9.26 3.96 3.47 SP 9 14.81 15.19 0.127 
8.65 4.57 3.17 SP 5 7.22 7.47 0.069 
8.04 5.18 3.33 SP 3 4.10 4.32 0.053 
7.43 5.79 4.38 SP 9 13.62 14.07 0.108 
6.82 6.40 5.42 SP-SM 12 17.09 17.73 0.138 
3.16 10.06 8.56 SP-SC 8 10.76 11.56 0.078 
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Table 5.12.  Summary of Soil Parameters from SAM used in the I/B Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
12.92 0.30 15.37 SM 7 15.57 18.96 0.194 
12.31 0.91 8.53 SP-SC 8 17.85 18.39 0.188 
11.70 1.52 5.33 SP/SP-SM 13 30.03 30.04 0.487 
11.09 2.13 2.84 SP 12 25.96 25.96 0.315 
10.48 2.74 8.26 SP-SM 6 12.12 12.57 0.137 
9.87 3.35 3.82 SP 9 17.28 17.28 0.177 
9.26 3.96 3.47 SP 9 15.80 15.80 0.163 
8.65 4.57 3.17 SP 5 8.16 8.16 0.106 
8.04 5.18 3.33 SP 3 4.73 4.73 0.085 
7.43 5.79 4.38 SP 9 14.69 14.69 0.153 
6.82 6.40 5.42 SP-SM 12 18.22 18.22 0.186 
5.60 7.62 35.06 CL/SC 0 0.00 5.51 0.089 
3.16 10.06 8.56 SP-SC 8 10.90 11.45 0.128 
 
Table 5.13.  Summary of Soil Parameters from SAM used in the Y/N Method. 
Mid-Elevation Mid-Depth FC 
USCS 
N (N1)60 (N1)60Pcs 
CRRPcs 
(m) (m) (%) (b/ft) (b/ft) (b/ft) 
12.92 0.30 15.37 SM 7 12.30 15.52 0.165 
12.31 0.91 8.53 SP-SC 8 13.57 14.20 0.152 
11.70 1.52 5.33 SP/SP-SM 13 21.61 21.66 0.237 
11.09 2.13 2.84 SP 12 18.87 18.87 0.202 
10.48 2.74 8.26 SP-SM 6 8.03 8.50 0.100 
9.87 3.35 3.82 SP 9 12.38 12.38 0.135 
9.26 3.96 3.47 SP 9 13.40 13.40 0.144 
8.65 4.57 3.17 SP 5 6.68 6.68 0.085 
8.04 5.18 3.33 SP 3 3.86 3.86 0.064 
7.43 5.79 4.38 SP 9 13.02 13.02 0.141 
6.82 6.40 5.42 SP-SM 12 16.53 16.58 0.176 
5.60 7.62 35.06 CL/SC 0 0.00 5.00 0.072 
3.16 10.06 8.56 SP-SC 8 10.77 11.37 0.125 
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Figure 5.12.  CRRPcs from CTX Elevation Intervals based on (N1)60 from SAM-SPTE-
1 using C/S, I/B, and Y/N Methods and Average CRRfield from SAM Cyclic Triaxial 
Tests (five data points per method). 
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Figure 5.13.  Expanded View of CRRPcs from CTX Elevation Intervals based on (N1)60 
from SAM-SPTE-1 using C/S, I/B, and Y/N Methods and Average CRRfield from SAM 
Cyclic Triaxial Tests (five data points per method). 
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Figure 5.14.  CRRPcs from Sample Intervals based on (N1)60 from SAM-SPTE-1 using 
C/S, I/B, and Y/N Methods and Average CRRfield from SAM Cyclic Triaxial Tests 
(twelve data points per method). 
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Figure 5.15.  Average CRRPcs and Average CRRfield from SAM CTX Test 
Subsets Based on (N1)60 from SAM-SPTE-1 Tests Using the C/S, I/B, and Y/N 
Methods. 
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5.2.2.2  Method Analysis 
5.2.2.2.1  Cetin/Seed Method 
 A comparison of the CRRPcs determined using the C/S method, as illustrated in 
Figure 5.16, shows that FHS maintains a lower CRRPcs value than the HWD CRRPcs at 
lower (N1)60 values.  This changes at higher (N1)60 where the FHS CRRPcs exceeds the 
HWD CRRPcs.  Both FHS and HWD CRRPcs curves exceed the SAM clean sand curve 
and all sites exceed the Holocene clean sand curve.  Note that the Pleistocene clean sand 
curves from each site exceed the C/S 15% fines content curve.  Fines content values are 
shown next to the data points in Figure 5.16.  Figure 5.17 shows the average CRRPcs 
based on (N1)60Pcs for the CTX specimen intervals from each of the sites and the CTX 
average CRRfield values relative to the Holocene base curves.  The average CRRPcs from 
each site equals or exceeds the 35% fines content curve and the CRRfield values exceed 
the 35% fines content curve.  Based on the C/S method, all sites indicate that the 
Pleistocene CRRPcs values meet or exceed the CRR of the 35% fines content curve even 
though the fines contents are much lower. 
 
5.2.2.2.2  Idriss/Boulanger Method 
The I/B method indicates that the FHS soil maintains lower CRRPcs values than 
HWD CRRPcs at all but higher (N1)60 values as shown in Figure 5.18.  Both FHS and 
HWD exceed the SAM CRRPcs curve, which is coincident with the Holocene clean sand 
base curve.  The FHS CRRPcs curve resides between the fines content curves for 5% and 
15% and the HWD CRRPcs curve resides between the 5% and 35% fines content curves.  
Figure 5.19 shows the average CRRPcs based on (N1)60Pcs for the CTX specimen intervals 
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from each of the sites and the CTX CRRfield values relative to the Holocene fines content 
curves.  The average CRRPcs from each site exceeds the Holocene CRR at the 5% fines 
content curve.  However, none of these exceed the 15% fines content curve.  All of the 
CTX CRRfield values fall at or below the 5% fines content curve. 
 
 
Figure 5.16.  Comparison of CRRPcs and CRRfield from CTX Sample Intervals 
Based on (N1)60 from the SPTEs at the FHS, HWD, and SAM Sites Using the 
Cetin/Seed Method. 
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Figure 5.17.  Comparison of Average CRRfield and Average CRRPcs from CTX 
Sample Intervals Based on (N1)60 from the SPTE at the FHS, HWD, and SAM 
Sites Using the Cetin/Seed Method. 
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Figure 5.18.  Comparison of Average CRRfield and CRRPcs from CTX 
Sample Intervals Based on (N1)60 from the SPTE at the FHS, HWD, and 
SAM Sites Using the Idriss/Boulanger Method. 
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Figure 5.19.  Comparison of Average CRRfield and Average CRRPcs from CTX 
Sample Intervals Based on (N1)60 from the SPTE at the FHS, HWD, and SAM 
Sites Using the Idriss/Boulanger Method. 
 
5.2.2.2.3  Youd/NCEER Method 
The CRRPcs determined using the Y/N method, as shown in Figure 5.20, indicates 
that the FHS soil resides between the CRRPcs curves of HWD and SAM at all (N1)60 
values.  Both FHS and HWD exceed the SAM CRRPcs and the HWD CRRPcs curve 
exceeds the FHS CRRPcs curve.  The SAM CRRPcs values fall very close or are coincident 
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with the Holocene clean sand base curve.  In large part, the Pleistocene clean sand curves 
lie between the 5% and 15% fines content curves, except for the lower (N1)60 of the 
HWD soils.  Figure 5.21 shows the average CRRPcs based on (N1)60Pcs for the CTX 
specimen intervals from each of the sites and the CTX CRRfield values relative to the 
Holocene clean sand curve.  The average CRRPcs from each site exceeds the Holocene 
5% fines content curve and only HWD exceeds the 15% fines content curve. 
 
5.3  Cone Penetration Test 
5.3.1  Field Cyclic Stress Ratio 
The field cyclic stress ratio (CSR) is based on the stress generated by an 
earthquake using peak ground acceleration as a primary input.  In the analyses it is 
compared to the cyclic resistance ratio (CRR) determined from the I/B and Y/N methods, 
which are based on Holocene age soils.  Based on the position of the CSR relative to the 
CRR, the potential for liquefaction can be determined for given peak ground 
accelerations. 
Field cyclic stress ratio and cyclic resistance ratio plots are presented for all sites 
to illustrate the potential for liquefaction for values of peak ground acceleration expected 
at each site.  Cyclic resistance ratios determined from CPT data are plotted with qc1N 
values, which shows the position of the Pleistocene clean sand curve relative to the 
Holocene clean sand curve. 
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Figure 5.20.  Comparison of Average CRRfield and CRRPcs from CTX Sample 
Intervals Based on (N1)60 from the SPTE at the FHS, HWD, and SAM Sites Using 
the Youd/NCEER Method. 
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Figure 5.21.  Comparison of Average CRRfield and Average CRRPcs from CTX 
Sample Intervals Based on (N1)60 from the SPTE at the FHS, HWD, and SAM 
Sites Using the Youd/NCEER Method. 
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5.3.1.1  Fort Dorchester 
Figure 5.22 shows the CRR for the Pleistocene-age sand determined using the 
methods of I/B and Y/N for the qc1N data from FD.  Ground accelerations at the FD site 
are estimated to range from 0.47 g (5% probability of exceedance in 50 yrs) to 1.14 g 
(2% probability of exceedance in 50 yrs) (USGS, 2014).  Care must be exercised in 
interpreting the FD information, as the potentially liquefiable soil types resided above the 
water table at the time of field testing.  Given this important consideration, the I/B 
method indicates that the soil is liquefiable below the water table at accelerations less 
than approximately 0.4 g.  Similarly, the Y/N method indicates that soils in the lower 
portion of the profile are liquefiable at an acceleration less than 0.4 g.  Had soils been 
saturated, a greater portion of the soil would have indicated lower CRRs and the upper 
sections of the CSR curves would move to higher values, thereby encompassing a greater 
portion of the CRR curves. 
 
5.3.1.2  Four Hole Swamp 
At the FHS site, accelerations are estimated to range from 0.37 g (5% probability 
of exceedance in 50 yrs) to 0.74 g (2% probability of exceedance in 50 yrs) (USGS, 
2014).  The I/B method indicates the majority of the soil is liquefiable at an acceleration 
less than 0.3 g.  By comparison, the Y/N method indicates the soil is liquefiable in the 
upper profile at an acceleration of less than 0.6 g (predominately less than 0.3 g) and at 
sporadic elevations lower in the profile with the remainder of the soils being classified as 
non-liquefiable as shown in Figure 5.23.  The CRRfield value for the CTX tests is shown 
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in Figure 5.23 and either coincides with or is less than the CRR determined from qc1N 
data. 
 
5.3.1.3  Hollywood 
Accelerations at the HWD site are estimated to range from 0.36 g (5% probability 
of exceedance in 50 yrs) to 0.87 g (2% probability of exceedance in 50 yrs) (USGS, 
2014).  The I/B method indicates the majority of the soil profile is liquefiable at an 
acceleration less than 0.3 g.  Similarly, the Y/N method indicates the majority of the soil 
is liquefiable at an acceleration less than 0.3 g with the exception of a few elevations in 
the central portion of the profile that are not liquefiable as shown in Figure 5.24.  The 
CRRfield value for the CTX tests either coincides with or is less than the CRR determined 
from qc1N data as shown in Figure 5.24. 
 
5.3.1.4  Sampit 
Ground accelerations at the SAM site are estimated to range from 0.25 g (5% 
probability of exceedance in 50 yrs) to 0.52 g (2% probability of exceedance in 50 yrs) 
(USGS, 2014).  The I/B CRR curves shown in Figure 5.25 indicate that the majority of 
the soils will undergo liquefaction at an acceleration less than 0.4 g.  Portions of the 
lower profile are classified as non-liquefiable.  The Y/N method indicates a similar trend, 
however, the CRR are greater than the I/B CRR.  Unlike the I/B method, the Y/N method 
indicates that soils in the lower profile are not liquefiable. 
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Figure 5.22.  CRR Based on the I/B and Y/N Methods using qc1N from FD-
SCPT-3 Relative to CSR for Ground Accelerations at the Fort Dorchester Site. 
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Figure 5.23.  CRR Based on the I/B and Y/N Methods using qc1N from FHS-
SCPT-1 Relative to CSR for Ground Accelerations at the Four Hole Swamp 
Site. 
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Figure 5.24.  CRR Based on the I/B and Y/N Methods using qc1N from HWD-
CPT-4 Relative to CSR for Ground Accelerations at the Hollywood Site. 
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Figure 5.25.  CRR Based on the I/B and Y/N Methods using qc1N from SAM-
SCPT-1 Relative to CSR for Ground Accelerations at the Sampit Site. 
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5.3.2  Field Cyclic Resistance Ratio 
The field cyclic resistance ratio (CRRfield) is derived from adjustments to the CTX 
cyclic stress ratio (Ishihara et al., 1977; Seed, 1979).  The CRRfield values are less than the 
CSR values as shown in Table 5.14.  The CRRfield relies on the determination of K0 from 
the KD of the DMT (Section 3.2.3 and eqn. 3-56).  Values of KD and K0 are given in 
Table 5.15.  The variation of KD with elevation at each site is shown in Figure 5.26.  
Outlier clusters aside as indicated in Figure 5.26, the KD lend to being curve-fit for use in 
determining K0 as shown.  Values of K0 were determined based on the elevation interval 
of the CTX specimens.  The range of K0 for FHS is from 0.40 to 0.80 with an average 
value of 0.6.  For HWD, K0 ranges from 0.30 to 0.53 with an average value of 0.5 (this 
assumes the omission of values less than 0.30).  The range of K0 at SAM is from 0.64 to 
0.92 with an average value of 0.8 (this assumes the omission of the highest and lowest 
values). 
The qc1N are averaged for the coinciding elevation intervals of the CTX specimens 
and the qc1NPcs is determined based on the fines content of the soil from the split-spoon 
sample interval.  The CRRfield values are compared to the average CRRqPcs and CRR of 
the Holocene clean sand curve (CRRqHcs) as given in Table 5.14.  For both methods, the 
qc1NPcs values exceed the qc1N values.  Both methods yield CRRqPcs values that are greater 
than the CRRqHcs.  The CSR are greater than the CRRqPcs for the FHS and SAM soils and 
is lesser for the HWD soil using the I/B method.  For the Y/N method, the CSR is less 
than the CRRqPcs for all sites.  The CRRfield value, relative to the CRRqHcs is greater for 
FHS and SAM based on the I/B method.  The Y/N method shows that the CRRfield value 
is greater than CRRqHcs for FHS only.  In order to readily compare values of CRR  
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between methods and sites, values of CRR are determined at a qc1N of 100.  Based on this 
criteria, the I/B method shows that HWD maintains a higher CRRq100 (0.213) than FHS 
(0.186) and SAM (0.159).  For the Y/N method, CRRq100 indicates that FHS has the 
greatest CRR (0.241).  The SAM CRRq100 is 0.213 and the HWD CRRq100 is 0.193.  
Table 5.14 includes these values for comparison to CRRfield, CRRqPcs, and CRRqHcs. 
 
 
Table 5.14.  CRR Values Determined from the CPT at CTX Specimen Intervals Using 
the I/B and Y/N Methods. 
 
Site CSR CRRfield Method qc1N qc1NPcs CRRqPcs CRRqHcs CRRq100(e) 
FHS 0.155 0.100(a) 
I/B 56.562 82.338 0.104 0.084 0.185 
Y/N 54.421 86.687 0.162 0.092 0.241 
HWD 0.164 0.098(b) 
I/B 94.775 106.234 0.457 0.134 0.211 
Y/N 94.692 105.958 0.185 0.159 0.193 
SAM 
(all data) 
0.168 0.131(c) 
I/B 83.391 100.594 0.135 0.117 0.159 
Y/N 81.889 98.853 0.179 0.132 0.225 
SAM 
(Subset 1) 
0.174 0.136(c) 
I/B 87.262 103.217 0.146 0.124 0.150 
Y/N 86.320 102.719 0.190 0.140 0.218 
SAM 
(Subset 2) 
0.152 0.119(c) 
I/B 75.384 95.113 0.114 0.107 --- (d) 
Y/N 72.608 90.996 0.153 0.118 --- (d) 
(a) K0 = 0.6, (b) K0 = 0.5, (c) K0 = 0.8 
(d) curve does not extend to qc1N = 100 
(e) based on CRR from sample elevation intervals. 
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Table 5.15.  Values of KD, σʹvo, qc, and K0 for Soils at FHS, HWD, and SAM 
for CTX Specimens. 
Specimen No. 
Depth 
(m) 
Elev. 
(m) 
KD 
𝜎𝑣𝑜
′  
(MPa) 
qc 
(MPa) 
K0 
FHS-7.7 2.35 19.41 14.2 0.0313 5.76 0.80 
FHS-9.8 2.99 18.77 7.75 0.0369 5.32 0.39 
FHS-11.4 3.47 18.29 4.90 0.0410 1.63 0.64 
FHS-14.0 4.27 17.49 2.30 0.0478 1.90 0.40 
HWD-8.5 2.59 6.27 9.20 0.0334 11.08 -0.41 
HWD-9.0 2.74 6.12 8.50 0.0346 8.75 -0.08 
HWD-9.6 2.93 5.93 7.75 0.0360 5.91 0.29 
HWD-10.9 3.32 5.54 6.45 0.0391 6.89 0.11 
HWD-11.4 3.47 5.39 6.00 0.0402 6.25 0.17 
HWD-12.7 3.87 4.99 5.02 0.0433 4.75 0.30 
HWD-13.2 4.02 4.84 4.70 0.0445 3.49 0.43 
HWD-15.4 4.69 4.17 3.50 0.0497 1.74 0.53 
HWD-16.4 5.00 3.86 3.04 0.0520 1.94 0.48 
HWD-17.0 5.18 3.68 2.80 0.0534 1.28 0.52 
SAM-9.8 2.99 9.85 18.55 0.0385 6.10 1.35 
SAM-12.1 3.69 9.15 13.40 0.0448 8.81 0.67 
SAM-13.7 4.18 8.66 11.10 0.0492 5.77 0.84 
SAM-14.5 4.42 8.42 10.20 0.0514 4.40 0.92 
SAM-15.7 4.79 8.05 9.03 0.0547 4.59 0.81 
SAM-16.5 5.03 7.81 8.37 0.0569 5.15 0.72 
SAM-17.5 5.33 7.51 7.67 0.0596 4.77 0.70 
SAM-18.0 5.49 7.35 7.32 0.0610 5.32 0.64 
SAM-18.5 5.64 7.20 7.03 0.0623 7.14 0.47 
 
 
 
 
 
 
 
 
 413 
 
Figure 5.26.  KD Values from DMTs at FHS, HWD, and SAM by 
Elevation. 
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intervals and also using the qc1N values that coincide with all vibracore and split spoon 
sample intervals where fines contents could be determined from soil samples. 
 
5.3.2.1.1  Fort Dorchester 
The cyclic resistance ratio determined for the Fort Dorchester (FD) Pleistocene 
soils based on the CPT qc1N (CRRqPcs) using the I/B and Y/N methods is given in Tables 
5.16 and 5.17.  The adjusted and normalized cone penetration tip stress qc1N, adjusted and 
normalized cone penetration tip stress with clean sand correction for the Pleistocene sand 
qc1nPcs, and the cyclic resistance ratio occurring at qc1NPcs from the Holocene clean sand 
curves (CRRqHcs) are given in Tables 5.16 and 5.17.  CRRfield values are not available 
because no CTX samples were available from this site.  Tables 5.16 and 5.17 give the qc, 
qc1, qc1N, qc1nPcs, and CRRqPcs determined from the I/B and Y/N methods.  Elevation 
intervals for which there are no values (---) are determined as non-liquefiable. 
The CRRqPcs curves determined using the I/B and Y/N methods plot higher than 
the Holocene clean sand curves at the equivalent qc1N values as shown in Figure 5.27.  
Similar to previous analyses, this indicates that after an adjustment for the fines content, 
the Pleistocene clean sand CRR remains greater than the CRR of the Holocene soil. 
Figures 5.28 and 5.29 show the data plotted for the I/B and Y/N methods, 
respectively, with fines contents.  In general, the lower fines content soils plot closer to 
the Holocene clean sand curves for each method.  The FD soils were not saturated at the 
time that field tests were performed, thereby skewing the test results.  Consequently, the 
FD site cannot be reasonably compared to the other sites. 
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Table 5.16.  CPT Average Parameters and Average CRR Values for FD-SCPT-2 at 
Equivalent Sample Elevation Intervals of Soils from FD-VC-1. 
Elevation (m) qc qc1 (MPa) qc1N qc1NPcs CRRqPcs 
from to (MPa) I/B Y/N I/B Y/N I/B Y/N I/B Y/N 
6.00 5.87 3.85 6.55 6.55 64.69 64.69 114.72 --- 0.149 --- 
5.49 5.34 15.63 20.58 23.86 203.23 235.63 203.23 235.63 2.000 --- 
5.02 4.87 19.60 23.81 27.61 235.14 272.66 235.14 272.66 2.000 --- 
4.78 4.68 14.58 18.18 19.84 179.53 196.00 180.21 200.06 2.000 --- 
4.32 4.21 16.76 19.75 21.40 195.08 211.37 195.08 211.37 2.000 --- 
4.04 3.87 9.49 11.47 11.64 113.26 114.97 121.81 127.40 0.603 0.283 
3.06 2.98 3.47 3.98 3.83 39.27 37.87 79.70 98.12 0.116 0.169 
 
 
 
Table 5.17.  CPT Average Parameters and Average CRR Values for FD-SCPT-3 at 
Equivalent Sample Elevation Intervals of Soils from FD-VC-3. 
Elevation (m) qc qc1 (MPa) qc1N qc1NPcs CRRqPcs 
from to (MPa) I/B Y/N I/B Y/N I/B Y/N I/B Y/N 
6.68 6.56 2.99 5.08 5.08 50.21 50.21 92.62 104.10 --- 0.192 
5.97 5.76 13.81 20.77 23.48 205.17 231.94 205.20 232.37 2.000 --- 
5.71 5.57 13.16 19.43 22.37 191.91 220.92 191.92 220.92 2.000 --- 
5.33 5.20 12.65 17.94 20.52 177.18 202.65 177.18 202.65 1.180 --- 
4.81 4.68 17.21 21.82 25.26 215.54 249.53 215.54 249.53 1.946 --- 
3.84 3.70 7.41 9.43 9.40 93.12 92.84 103.22 105.55 0.161 0.197 
3.51 3.41 4.45 5.69 5.43 56.20 53.66 81.72 74.63 0.099 0.119 
3.05 2.94 3.97 4.79 4.59 47.34 45.36 84.92 89.11 0.118 0.147 
2.65 2.55 7.28 8.14 8.07 80.41 79.66 115.09 114.84 0.221 0.221 
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Figure 5.27.  Cyclic Resistance Ratios from CPT Elevation Intervals Equal to 
Vibracore Sample Intervals and Clean Sand Curves for Pleistocene Soil at Fort 
Dorchester Compared to the Holocene Clean Sand Curves from the 
Idriss/Boulanger and Youd/NCEER Methods. 
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Figure 5.28.  Cyclic Resistance Ratios from CPT Elevation Intervals Equal to 
Vibracore Sample Intervals and Clean Sand Curves for Pleistocene Soil at 
Fort Dorchester Compared to the Holocene Clean Sand Curve from the 
Idriss/Boulanger Method. 
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Figure 5.29.  Cyclic Resistance Ratios from CPT Elevation Intervals Equal to 
Vibracore Sample Intervals and Clean Sand Curves for Pleistocene Soil at 
Fort Dorchester Compared to the Holocene Clean Sand Curve from the 
Youd/NCEER Method. 
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5.3.2.1.2  Four Hole Swamp 
The cyclic resistance ratios determined for the FHS Pleistocene soils based on the 
CPT qc1N (CRRqPcs) using the I/B and Y/N methods are given in Table 5.15.  The values 
are determined from the equivalent elevation intervals of the CTX specimens.  The 
adjusted and normalized cone penetration tip stress, qc1N, adjusted and normalized cone 
penetration tip stress with clean sand correction for the Pleistocene sand, qc1nPcs, and the 
cyclic resistance ratio occurring at qc1NPcs from the Holocene clean sand curves, CRRqHcs, 
are given in Table 5.14.  Table 5.18 gives the qc, qc1, qc1N, qc1nPcs, and CRRqPcs determined 
from the I/B and Y/N methods for the equivalent elevation intervals from which soil 
samples were tested from the SPT split spoon sampler. 
The I/B and Y/N methods show that the CRRqPcs curves from each method plot 
higher than the Holocene clean sand curves as shown in Figure 5.30.  Similar to previous 
analyses, this indicates that after an adjustment of the fines content for the Pleistocene 
clean sand, CRRqPcs remains greater than the CRRqHcs of the Holocene soil.  The Y/N 
method maintains higher values of CRRqPcs and CRRqHcs than the I/B method. 
Figures 5.31 and 5.32 show the data plotted for the I/B and Y/N methods, 
respectively, with fines contents and CTX CRR values.  In general, the lower fines 
content soils plot closer to the Holocene clean sand curves for the I/B method.  The 
proximity is not as clear with the Y/N method.  In order to compare CRRs to other sites, 
the CRRqHcs is determined at the qc1N value equal to 100 (denoted as CRRq100) (Table 
5.14). 
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Table 5.18.  CPT Average Parameters and Average CRR Values for FHS-SCPT-1 at 
Equivalent Sample Elevation Intervals of Soils from FHS-SPTE-1. 
Elevation (m) qc qc1 (MPa) qc1N qc1NPcs CRRqPcs 
from to (MPa) I/B Y/N I/B Y/N I/B Y/N I/B Y/N 
20.35 20.19 20.50 30.64 34.84 302.60 344.14 333.12 344.14 --- --- 
20.19 20.04 19.04 28.54 32.36 281.84 319.60 297.50 321.65 --- --- 
19.95 19.92 14.31 22.90 24.32 226.17 240.21 232.40 263.69 --- --- 
19.77 19.58 8.16 13.81 13.87 136.44 136.94 153.81 160.16 0.306 0.387 
19.58 19.43 5.99 10.19 10.19 100.60 100.60 125.35 127.74 0.158 0.275 
19.28 19.13 5.12 8.70 8.70 85.89 85.89 109.37 109.09 0.157 0.201 
19.13 18.97 5.66 9.57 9.58 94.49 94.60 108.65 112.47 0.193 0.213 
18.97 18.82 5.54 9.36 9.25 92.47 91.34 111.84 113.85 0.160 0.218 
18.73 18.55 5.64 9.32 9.19 92.01 90.74 104.61 107.72 0.184 0.196 
18.55 18.36 4.40 7.37 7.08 72.83 69.88 97.84 100.45 0.124 0.175 
18.36 18.21 1.63 2.77 2.71 27.37 26.79 66.16 105.72 0.067 --- 
18.01 17.94 1.43 2.43 2.32 23.96 22.93 60.42 72.34 0.068 --- 
17.88 17.76 0.99 1.68 1.58 16.56 16.03 52.08 57.60 0.064 --- 
17.76 17.60 2.28 3.87 3.44 38.19 33.95 60.26 53.04 0.081 0.094 
17.54 17.27 1.90 3.23 2.81 31.88 27.74 60.44 46.63 0.066 0.089 
17.05 16.99 0.99 1.68 1.58 16.56 16.56 50.86 59.03 0.081 --- 
16.99 16.76 0.62 1.08 1.08 10.69 10.67 43.86 --- 0.074 --- 
16.75 16.54 0.47 0.79 0.78 7.82 7.66 39.91 --- 0.071 --- 
16.54 16.38 1.71 2.57 2.50 25.41 24.66 59.59 130.90 0.104 --- 
16.23 16.08 12.46 15.85 16.96 156.53 167.46 166.56 186.44 1.826 --- 
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Figure 5.30.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Four Hole Swamp Compared to the 
Holocene Clean Sand Curves from the Idriss/Boulanger and Youd/NCEER 
Methods. 
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Figure 5.31.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Four Hole Swamp Compared to the 
Holocene Clean Sand Curve from the Idriss/Boulanger Method. 
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Figure 5.32.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Four Hole Swamp Compared to the 
Holocene Clean Sand Curve from the Youd/NCEER Method. 
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5.3.2.1.3  Hollywood 
The cyclic resistance ratios determined for the HWD Pleistocene soils based on 
the CPT qc1N (CRRqPcs) using the I/B and Y/N methods are given in Table 5.14.  The 
values are determined from the equivalent elevation intervals of the CTX specimens.  The 
adjusted and normalized cone penetration tip stress, qc1N, adjusted and normalized cone 
penetration tip stress with clean sand correction for the Pleistocene sand, qc1nPcs, and the 
cyclic resistance ratio occurring at qc1NPcs from the Holocene clean sand curves, CRRqHcs, 
are given in Table 5.14.  Table 5.19 gives the qc, qc1, qc1N, qc1nPcs, and CRRqPcs determined 
from the I/B and Y/N methods for the equivalent elevation intervals from which soil 
samples were tested from the SPT split spoon sampler. 
The I/B and Y/N methods show that the CRRqPcs curves from each method plot 
higher than the Holocene clean sand curves as shown in Figure 5.33.  Similar to previous 
analyses, this indicates that after an adjustment of the fines content for the Pleistocene 
clean sand, CRRqPcs remains greater than the CRRqHcs of the Holocene soil.  The I/B 
method maintains higher values of CRRqPcs than the Y/N method, which is most evident 
at higher qc1N. 
Figures 5.34 and 5.35 show the data plotted for the I/B and Y/N methods, 
respectively, with fines contents and the qc1N vs. CRRfield values for the CTX specimen 
intervals.  In general, the lower fines content soils plot closer to the Holocene clean sand 
curves for the I/B and Y/N methods.  In order to compare CRRs to other sites, the 
CRRqHcs is determined at the qc1N value equal to 100 (denoted as CRRq100) (Table 5-14).  
The CTX CRRfield values plot lower than the CRRqHcs for both the I/B and Y/N 
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methods.  For the I/B method, CRRq100 is greater than the CRRfield at FHS, SAM, and 
HWD.  Using the Y/N method, the CRRq100 is greater than the CRRfield for all sites. 
 
 
Table 5.19.  CPT Average Parameters and Average CRR Values for HWD-CPT-4 at 
Equivalent Sample Elevation Intervals of Soils from HWD-SPTE-1. 
Elevation (m) qc qc1 (MPa) qc1N qc1NPcs CRRqPcs 
from to (MPa) I/B Y/N I/B Y/N I/B Y/N I/B Y/N 
7.56 7.16 19.00 30.81 32.31 304.27 319.08 319.08 319.08 --- --- 
6.95 6.86 17.71 28.94 30.10 285.79 297.33 297.33 297.33 --- --- 
6.86 6.62 15.11 25.48 25.68 251.65 253.64 253.64 253.64 --- --- 
6.34 5.98 9.36 15.91 15.91 157.14 157.14 157.34 158.22 1.124 0.334 
5.73 5.27 6.26 10.64 10.64 105.08 105.08 106.75 110.74 0.177 0.208 
5.12 4.67 3.82 6.50 6.50 64.19 64.19 81.99 79.29 0.141 0.131 
4.51 4.06 1.48 2.52 2.52 24.93 24.92 58.86 56.30 0.091 0.097 
3.90 3.75 1.63 2.77 2.71 27.33 26.73 59.83 57.16 0.101 ---  
3.75 3.57 1.25 2.12 2.05 20.98 20.23 56.32 52.75 0.091 ---  
3.29 2.84 1.12 1.90 1.75 18.81 17.30 52.40 43.98 0.082 0.087 
2.68 2.23 2.43 3.82 3.51 37.72 34.65 56.69 47.56 0.099 0.092 
2.07 1.98 6.73 9.39 9.36 92.76 92.48 101.41 102.01 0.224 0.185 
1.98 1.62 9.18 12.21 12.55 120.57 123.97 120.92 126.42 0.335 0.269 
1.62 1.37 6.30 8.55 8.43 84.44 83.28 104.21 104.97 0.181 --- 
1.37 1.22 3.51 4.97 4.74 49.13 46.78 84.92 96.98 0.114 0.192 
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Figure 5.33.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Hollywood Compared to the Holocene 
Clean Sand Curves from the Idriss/Boulanger and Youd/NCEER Methods. 
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Figure 5.34.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Hollywood Compared to the Holocene 
Clean Sand Curve from the Idriss/Boulanger Method. 
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Figure 5.35.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Hollywood Compared to the Holocene 
Clean Sand Curve from the Youd/NCEER Method. 
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5.3.2.1.4  Sampit 
The cyclic resistance ratios determined for the SAM Pleistocene soils based on 
the CPT qc1N (CRRqPcs) using the I/B and Y/N methods are given in Table 5.14.  The 
values are determined from the equivalent elevation intervals of the CTX specimens.  The 
adjusted and normalized cone penetration tip stress, qc1N, adjusted and normalized cone 
penetration tip stress with clean sand correction for the Pleistocene sand, qc1nPcs, and the 
cyclic resistance ratio occurring at qc1NPcs from the Holocene clean sand curves, CRRqHcs, 
are given in Table 5.14.  Table 5.20 gives the qc, qc1, qc1N, qc1nPcs, and CRRqPcs determined 
from the I/B and Y/N methods for the equivalent elevation intervals from which soil 
samples were tested from the SPT split spoon sampler. 
The I/B and Y/N methods show that the CRRqPcs curves from each method plot 
higher than the Holocene clean sand curves as shown in Figure 5.36.  Similar to previous 
analyses, this indicates that after an adjustment of the fines content for the Pleistocene 
sand, CRRqPcs remains greater than the CRRqHcs of the Holocene soil.  The Y/N method 
maintains higher values of CRRqPcs and CRRqHcs than the I/B method. 
The SAM data has two subsets based on the CTX test subsets.  Figure 5.37 shows 
the average CRR for all SAM tests and each subset for each method.  CRRqPcs for Subset 
1, using the I/B method, resides above the CRRqHcs.  The average CRRqPcs for Subset 2, 
based on the I/B method, is 33.6% greater than the CRRqHcs and approximately coincides 
with CRRfield.  Similarly, the average CRRqPcs of Subset 2 determined using the Y/N 
method is greater than the CRRqHcs.  The Subset 1 CRRfield values using the I/B and Y/N 
methods are greater than the CRRqHcs values and the Subset 2 CRRfield values by the same 
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methods are greater than the CRRqHcs.  The CRRfield values for both subsets show a lower 
proximity to the CRRqPcs curve as shown in Figure 5.36. 
Figures 5.37 and 5.38 show the data plotted for the I/B and Y/N methods, 
respectively, with fines contents and the qc1N vs. CRRfield values for the CTX specimen 
intervals.  In general, the lower fines content soils plot closer to the Holocene clean sand 
curves for the I/B and Y/N methods.  In order to compare CRRs to other sites, the 
CRRqHcs is determined at the qc1N value equal to 100 (denoted as CRRq100) (Table 5.14). 
 
Table 5.20.  CPT Average Parameters and Average CRR Values for SAM-SCPT-1 at 
Equivalent Sample Elevation Intervals of Soils from SAM-SPTE-1. 
Elevation (m) qc qc1 (MPa) qc1N qc1NPcs CRRqPcs 
from to (MPa) I/B Y/N I/B Y/N I/B Y/N I/B Y/N 
12.49 12.15 5.36 9.11 9.11 89.96 89.96 92.39 95.63 0.151 0.165 
11.88 11.79 7.76 13.19 13.19 130.27 130.27 130.34 131.10 0.225 0.290 
11.73 11.64 8.62 14.66 14.66 144.77 144.77 144.77 144.77 0.278 0.362 
11.21 10.87 7.19 12.19 12.22 120.40 120.72 122.63 128.15 0.202 0.279 
10.63 10.39 10.10 15.41 17.13 152.23 169.18 154.22 172.84 0.484 --- 
10.39 10.32 5.64 9.46 9.47 93.39 93.50 111.70 113.23 0.153 0.220 
9.99 9.71 5.98 9.67 9.59 95.49 94.76 104.34 108.10 0.148 0.198 
9.38 9.32 6.95 10.59 10.70 104.58 105.66 110.67 117.55 0.165 0.231 
9.23 9.11 8.79 12.76 13.36 126.00 131.91 126.82 136.27 0.213 0.316 
8.83 8.56 6.00 8.97 8.81 88.55 87.00 107.44 106.63 0.135 0.195 
8.56 8.53 5.05 7.65 7.33 75.58 72.39 97.55 92.55 0.114 0.154 
8.50 8.34 4.40 6.72 6.32 66.39 62.46 88.55 81.36 0.101 0.130 
8.16 8.04 4.41 6.60 6.22 65.21 61.42 90.01 82.15 0.099 0.132 
8.04 7.89 5.09 7.42 7.11 73.26 70.18 94.87 89.64 0.110 0.147 
7.89 7.73 5.15 7.42 7.12 73.30 70.31 94.28 89.28 0.110 0.146 
7.22 7.12 7.23 9.66 9.61 95.36 94.90 107.26 110.33 0.144 0.205 
6.88 6.67 8.90 11.40 11.58 112.62 114.34 121.82 129.41 0.175 0.282 
5.57 5.39 0.88 1.21 1.11 12.00 10.95 45.46 39.12 0.075 --- 
5.14 5.02 0.72 0.98 0.93 9.66 9.22 42.87 --- 0.072 --- 
3.16 2.98 2.43 2.77 2.65 27.36 26.21 59.22 47.21 0.063 0.089 
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Figure 5.36.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Sampit Compared to the Holocene Clean 
Sand Curves from the Idriss/Boulanger and Youd/NCEER Methods. 
 
 
 
All tests
Subset 1
Subset 2
All tests
Subset 1
Subset 2
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 25 50 75 100 125 150 175 200
C
R
R
qc1N
Idriss/Boulanger
Youd/NCEER
CTX-CRR-I/B
CTX-CRR-Y/N
I/B-Y/N-SAM
Y/N Holocene 
Clean Sand Base 
Curve
 432 
 
 
 
Figure 5.37.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Sampit Compared to the Holocene Clean 
Sand Curve from the Idriss/Boulanger Method. 
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Figure 5.38.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at Sampit Compared to the Holocene Clean 
Sand Curve from the Youd/NCEER Method. 
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5.3.2.2  Site Comparison 
 Figure 5.39 shows all CRRqPcs data plotted relative to the CRRqHcs clean sand 
curves applying the I/B method to all sites.  The plot indicates the following: 1. The FHS 
clean sand curve plots higher than the SAM clean sand curve, 2. The FD soils were not 
saturated during testing and show higher than expected CRRqPcs values, and 3. The HWD 
clean sand curve plots above the FHS clean sand curve.  Figure 5.40 shows the FD data 
to be out of age sequence relative to the other soils.  The FHS, SAM, and HWD are 
properly sequenced based on age of the deposit. 
 Ages of the soil deposits and the ages of nearby sand blows are given in Table 
5.21.  Based on the age of the soil, the oldest deposit is FHS (1,400,000 yrs), which is 
followed by SAM (450,000 yrs) and HWD (220,000 yrs).  FD is excluded because non-
saturation of the soils has an effect on the magnitude of change in the CPT tip and sleeve 
stresses due to the lack of water saturation of the soil.  FHS, SAM, and HWD show 
CRRq100 values that are in agreement with the age of the soil deposits for the Y/N 
method, but not the I/B method. 
 
Table 5.21.  Age of Soil Deposit, Age of Sand Blow, and CRRq100 
Values. 
Site Age of Soil Age of Sand Blow 
CRRq100 
I/B Y/N 
FHS 1,400,000 yrs 1660 yrs 0.188 0.242 
SAM 450,000 yrs 521 to 2471 yrs 0.150 0.229 
HWD 220,000 yrs 467 to 4185 yrs 0.215 0.198 
 
Figure 5.41 clarifies Figure 5.39 to show the HWD CRR exceeding the CRR for 
SAM and FHS.  Based on the ages given for the sand blows, this sequence is possible, 
 435 
however, it contradicts the CRR curve sequence given in Figure 5.42 for the Y/N method.  
The Y/N method shows the appropriate age sequence for the CRR curves based on the 
age of the soil.  It is also possible based on the range of sand blow ages.  Such small 
differences in sand blow ages, however, may not show the distinct CRR curve differences 
as shown in Figure 5.42.   
 
Table 5.22.  Ages of Sand Blows. 
Site 
Age of Sand Blow 
(yrs) 
FHS 1660 
SAM 521 to <1660 
HWD 467 to <1660 
 
A major discrepancy that exists in considering the age of the sand blows is that 
they are within the 10,000-yr Holocene interval.  This would require that the (N1)60 and 
qc1N values be closer to or below the Holocene clean sand curves.  Consequently, there is 
support for the clean sand curves of the FHS, SAM, and HWD sites to belong to the age 
of the deposit and not the age of the sand blow.  Considering that FHS, SAM, and HWD 
are sequentially correct in age of deposit, the age-CRR relationship can be established 
using qc1N.  This is shown clearly in Figure 5.42 for the Y/N method. 
For the data set from the I/B method, a best-fit surface cannot be obtained due to 
the out-of-sequence soil ages.  For the data set from the Y/N method consisting of two 
independent parameters (qc1N and t extending from 220,000 yrs to 1,400,000 yrs) and the 
Holocene data (10,000 yrs) and one dependent parameter (CRR), the best-fit surface is 
determined using LAB Fit (Silva and Silva, 2011) to be of the form: 
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𝐶𝑅𝑅7.5,𝑐𝑠 =
−29.3387
𝑡
+ 0.022955 ∙ 𝑒𝑥𝑝(0.018405 ∙ 𝑞𝑐1𝑁) + 0.000402 ∙ 10
−3 ∙ ln (𝑡)2 
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Figure 5.39.  Cyclic Resistance Ratios from CPT and CTX Tests and Clean 
Sand Curves for Pleistocene Soil at FD, FHS, HWD, and SAM Compared to 
the Holocene Clean Sand Base Curve Using the Idriss/Boulanger Method. 
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Figure 5.40.  Cyclic Resistance Ratios from CPT and CTX Tests and 
Clean Sand Curves for Pleistocene Soil at FD, FHS, HWD, and SAM 
Compared to the Holocene Clean Sand Base Curve Using the 
Youd/NCEER Method. 
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Figure 5.41.  Cyclic Resistance Ratios from CPTs used for Determining 
the Relationship for qc1N, Age, and CRR from the Idriss/Boulanger 
Method. 
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Figure 5.42.  Cyclic Resistance Ratios from CPTs used for 
Determining the Relationship for qc1N, Age, and CRR from the 
Youd/NCEER Method. 
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Chapter 6 
Summary and Conclusions 
 
6.1  Introduction 
This chapter provides the summary and conclusions of the field and laboratory 
test results and the summary and conclusions of the field and laboratory data analyses.  
The summary and conclusions are focused on supporting the three research goals, which 
included: 1. The determination of the liquefaction resistance of the SCCP soils of varying 
ages using laboratory and field methods, 2. The development of a liquefaction resistance-
age relationship that is suited to the SCCP soils based on laboratory and field testing, and 
3. The determination of the chemical and mechanical components responsible for age-
related liquefaction resistance using microscopy. 
Field data was generated by piezocone penetration tests with pore pressure 
measurements, seismic piezocone penetration tests with pore pressure measurements, 
standard penetration tests, flat plate dilatometer tests, ex situ freezing of the piston tube 
samples, and piezometer installations.  Laboratory data was generated by grain size 
analyses and specific gravity tests, cyclic triaxial tests, shear wave velocity and 
compression wave velocity tests, density and moisture content tests, Atterberg limit tests, 
and the USCS and visual-manual classification of soils.   Field and laboratory data, 
specifically the piezocone penetration data and the fines contents determined from grain 
size analyses, were used in two methods for assessing liquefaction resistance – the 
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method of Youd et al. (2001) and the method of Idriss and Boulanger (2008).  This 
chapter also includes practical aspects of the work. 
 
6.2  Soil Characterization 
To support the first research goal of determining the liquefaction resistance of 
Pleistocene soils using laboratory and field tests, the soils from the research sites were 
characterized in the laboratory and in the field, which provided data that could be used in 
the methods for determining liquefaction resistance.  Laboratory characterization was 
performed using tests that included grain size analysis, USCS, and visual-manual 
classification.  Soils for these tests were obtained from the split spoon sampler during the 
standard penetration test.  Field characterization was performed using the seismic cone 
penetration test, the cone penetration test, the standard penetration test, the flat plate 
dilatometer test, and piezometer installation. 
 
6.2.1  Summary of Findings 
Laboratory testing of the Fort Dorchester soils showed that the deposits consisted 
of silty, clayey sand, silt, and poorly graded clayey sand.  Sand grains within these soils 
were angular to subangular.  Dilatancy was slow to rapid and there was no reaction with 
HCl.  Field testing indicated that the liquefiable source soil consisted of sand and silty 
sand, which was located below a surface layer of sandy clay.  Underlying the source soil 
was a layer of sand with greater silt content. 
At Four Hole Swamp, laboratory testing showed that soils consisted of poorly 
graded sand, poorly graded clayey sand, and clayey sand.  These soils exhibited slow to 
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medium dilatancy, low to medium dry strength, no reaction with HCl, and maintained no 
to low plasticity.  The primary grain size was fine sand and the sand grains were angular 
to subangular and subspheroidal to subelongate.  Field testing at Four Hole Swamp 
indicated that the liquefiable source soil consisted of sand and clayey sand, which was 
overlain by a surface layer of clayey sand and underlain by a layer of clayey sand grading 
laterally to a sandy clay. 
The laboratory testing of soils at Hollywood indicated deposits that consisted of 
silty sand, silt, and poorly graded silty sand.  The soils showed rapid dilatancy, low to 
medium plasticity, very low to high dry strength, and had no reaction to HCl except for 
the carbonate shell content.  Soils typically had a sulfurous odor.  The primary grain size 
was fine sand and the grains were angular to subangular and subspheroidal to 
subelongate.  Field testing showed the liquefiable source sand consisted of silty sand, 
which was present from the ground surface to depth.  It was underlain by a layer of 
intermixed clayey sand and silty sand. 
The Sampit soils that were tested in the laboratory were shown to consist of 
poorly graded sand and poorly graded silty sand.  Dilatancy was rapid for all soils, there 
was no to low dry strength, few samples had a slightly sulfurous odor, and no samples 
reacted with HCl.  The primary grain size was fine sand and the grains were angular to 
subangular and subspheroidal to elongate.  The liquefiable source sand, as characterized 
through field testing, was classified as silty sand and extended from the ground surface to 
the underlying silty clay layer. 
The depth to the liquefiable source sand ranges from 1.4 m at Four Hole Swamp 
to 1.9 m at Hollywood based on data from the FHS-SCPT-1, HWD-CPT-4, and SAM-
 444 
SPCT-1 and water table data.  The thickness of the liquefiable source layer ranges from 
2.3 m at Four Hole Swamp to 5.1 m at Hollywood.  The average fines content (silt and 
clay size grains) of the soils is greatest at Hollywood (19.4%), intermediate at Four Hole 
Swamp (9.0%), and lowest at Sampit (4.1%).  However, the average clay size content in 
the Four Hole Swamp soil is 8.9%, which is 98.8% of the fines content, in the Hollywood 
soil it is 7.5%, which is 38.9% of the fines content, and in the Sampit soil it is 2.6%, 
which is 62.5% of the fines content.  The mean grain size (D50) is largest at Four Hole 
Swamp (0.302 mm), intermediate at Sampit (0.173 mm), and smallest at Hollywood 
(0.120 mm).   
 
6.2.2  Conclusions 
Conclusions regarding the identification of soil types and the physical 
characteristics of the soils are as follows: 
 Common to all sites was that liquefiable source sands consisted of clayey sand 
or silty sand with grains that were predominately fine and angular to 
subangular and subspheroidal.  The angular to subangular nature of the grains 
would tend to lessen the liquefaction susceptibility of soil. 
 In large part, the soils at all sites were poorly graded as indicated by the grain 
size distribution curves.  
 The proportion of clay size grains as a part of the fines content is noted as 
increasing with the age of the soil deposit. 
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 Noting that optimally-sized D50 for greatest liquefaction potential is about 0.1 
mm, Hollywood and Sampit soils would maintain less liquefaction resistance 
than the Four Hole Swamp soil provided D50 was the only factor contributing 
to liquefaction. 
 The Hollywood and Sampit soils are considered liquefaction-susceptible based 
on the rapid dilatancy, poorly-graded grain size distribution, and the mean 
grain size (D50) being close to 0.1 mm. 
 Four Hole Swamp soil is considered susceptible to liquefaction based on the 
poorly graded grain size distribution and the mean grain size being close to 0.1 
mm, but less susceptible to liquefaction based on slow to moderate dilatancy 
and angular to subangular grain features. 
 Four Hole Swamp soil would be considered less susceptible to liquefaction 
than the Hollywood and Sampit soils based on the higher clay content 
proportion. 
 Hollywood soil would be considered less liquefaction-susceptible than Four 
Hole Swamp and Sampit soil based solely on greater fines content. 
 At all sites, the liquefiable soils are sufficiently proximate to the ground 
surface such that the surface manifestation of liquefaction is visible as 
evidenced by the occurrence of sand blows at the sites.  
Based on the above summary of findings and conclusions, the Pleistocene source 
sands at Four Hole Swamp, Hollywood, and Sampit maintain the physical characteristics 
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that indicate they are susceptible to liquefaction given earthquakes that are of magnitudes 
and accelerations equal to or exceeding those of past earthquakes that caused sand blow 
formation.  For the research goal of identifying the soil types and determining the 
physical characteristics of the soils that are used in evaluating liquefaction resistance, the 
data obtained from the study were used directly in the methods of liquefaction resistance 
analysis. 
 
6.3  Optical Petrographic and Scanning Electron Microscopy 
 The soils from Fort Dorchester, Four Hole Swamp, Hollywood, and Sampit were 
studied using optical petrographic microscopy and scanning electron microscopy.  The 
studies were performed to support the second research goal – that of determining the 
chemical and mechanical components responsible for age-related liquefaction resistance.  
Optical petrographic microscopy was used to identify the mineral type of large grains that 
transmitted light in a 30-micron thin section.  Scanning electron microscopy was used to 
identify the clay mineral present in the soils and to view the nature of the soil grains, such 
as angularity and sphericity, the orientation of grains and soil fabric, and the existence of 
precipitates and dissolution features. 
 
6.3.1  Summary of Findings 
 Soils at all sites were found to consist predominately of quartzose sand with small 
amounts of mica, feldspar, and iron-containing minerals.  Clay minerals were indicated in 
the Hollywood and Sampit specimens and carbonate mineral (shell) was found in one of 
the Hollywood specimens.  The grain arrangement of soils at all sites showed close 
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packing and a grain supported structure.  There was an indication that dissolution of 
quartz grains had occurred at Four Hole Swamp, which may be age-related due to 
1,400,000 yrs of environmental exposure, and soil at Hollywood showed mica with 
preferred horizontal grain orientation.  Sand grains at all sites were predominately 
angular to subangular. 
Using optical microscopy, the soil at Four Hole Swamp was found to be well to 
moderately graded, at Hollywood the soil was poorly graded, and at Sampit the soil was 
moderately graded.  The soil gradation indicated by the microscopy study was partly in 
agreement with the grain size distribution analyses, which indicated that soils at the 
equivalent elevations at Four Hole Swamp, Hollywood, and Sampit were poorly graded.  
However, it should be noted that the petrographic microscopy specimens consist of a very 
small sample volume relative to the volume of soil used for the grain size distribution 
analyses. 
 
6.3.2  Conclusions   
Conclusions drawn from the microscopy studies of the soils are presented as 
follows: 
 Optical microscopy and scanning electron microscopy did not indicate the 
presence of any minerals or compounds, such as carbonates or silicates, which 
would act as a cementitious agent in binding together soil particles.  
Consequently, there do not appear to be any chemical mechanisms responsible 
for age-related liquefaction resistance of the SCCP soils. 
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 Optical petrographic microscopy did indicate the presence of denser grain 
structure, which could contribute to greater liquefaction resistance due to 
mechanical effects. 
 
6.3.3 Practical Aspects 
Practical aspects of the optical petrographic microscopy and scanning electron 
microscopy study are as follows: 
 Scanning electron microscopy was useful for identifying mineral types, 
particularly extremely small sized grains of clay minerals, that could not be 
identified using petrographic microscopy and for providing views with 
dimensional perspective.  This aided in observing soil fabric and the nature of 
grain contacts. 
 Because the observation volume from microscopy was small, the gradation 
(sorting) and grain size fractions were biased relative to larger sample volumes, 
such as those used for the grain size distribution test. 
 At the higher magnification provided by the scanning electron microscope, 
grain surface features that were indicative of soil history, such as surface 
etching and crystallographically-controlled dissolution and impact pits, were 
observable. 
 Identification of the coarse grain, dominant mineral types can be determined by 
an experienced geologist or engineer during visual-manual classification with a 
5x to 10x loupe. 
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 For more detailed liquefaction studies, the information gained from 
microscopy is helpful, but for general liquefaction or commercial studies it 
may not be pertinent or of significant value to the project. 
 
6.4  Cyclic Stress Curves from Laboratory Testing 
Cyclic stress curves were developed from the cyclic triaxial tests performed in the 
laboratory.  This effort was made to support two of the research goals – determining the 
liquefaction resistance of the SCCP soils using laboratory methods and developing a 
liquefaction resistance-age relationship that is suited to the SCCP soils based on 
laboratory tests.  Cyclic triaxial test specimens underwent primary and backpressure 
saturation, isotropic consolidation to an effective stress of 100 kPa, and were then 
subjected to stress-controlled cyclic loading at a frequency of 0.5 or 1.0 cycles per second 
with the cyclic stress ratio ranging from 0.135 to 0.225.  Two curves were developed for 
each research site – one curve consisting of the cyclic stress ratio and the number of 
cycles required to achieve initial liquefaction (ru = 1.0) and one curve consisting of the 
cyclic stress ratio and the number of cycles required to achieve 2.5% double amplitude 
strain.  From these curves, the cyclic stress ratios at 15 cycles were determined for soils at 
Four Hole Swamp, Hollywood, and Sampit. 
 
6.4.1  Summary of Findings 
The cyclic stress curves generated from cyclic triaxial tests when ru = 1.0 
indicated that Four Hole Swamp soil, the oldest deposit at 1,400,000 yrs, had the lowest 
cyclic stress curve with a CSR equal to 0.155 at 15 cycles (Figure 4.94).  Four Hole 
 450 
Swamp soil also contained the highest plastic fines content of all the sites studied (Table 
4.30).  The Hollywood and Sampit cyclic stress curves were both located at higher CSR 
than the Four Hole cyclic stress curve and were appropriately located for their respective 
soil ages (220,000 and 450,000 yrs) at greater than Nl = 10 cycles for ru = 1.0 (Figure 
4.94).  Hollywood had a CSR equal to 0.164 at 15 cycles and Sampit had a CSR equal to 
0.168 at 15 cycles.  The two subsets of Sampit data indicated CSRs of 0.174 and 0.152 at 
15 cycles (Figure 4.91).  The subsets are, in all likelihood, an indication of data scatter 
that coincidentally appears to form the two distinct subsets.  This is concluded because 
the cyclic triaxial test specimens were chosen to avoid a bias based on specimen depth 
and a bias in the CSR and cyclic frequency test parameters. 
The cyclic stress curves for 2.5% double amplitude strain were located at higher 
CSR values and higher N values than cyclic stress curves for ru = 1.0 for Four Hole 
Swamp, Hollywood, and Sampit (Figures 4.87, 4.89, and 4.92, respectively).  For Four 
Hole Swamp, Hollywood, and Sampit, the CSR at 15 cycles was 0.156, 0.168, and 0.171, 
respectively.  The Sampit subsets indicated CSR values of 0.178 and 0.150 at 15 cycles.  
At N = 15 cycles, the CSRs at 2.5% double amplitude strain were 0.6%, 2.4%, and 1.8% 
greater than the CSR for the condition where ru = 1.0 for Four Hole Swamp, Hollywood, 
and Sampit, respectively. 
The interiors of the soil specimens were viewed after testing and showed 
indications of grain segregation and stratification.  Examples of this are as follows: 
specimen FHS-13.4, which was not used to define the CSR-N curve due to a poorly-
defined loading pattern over only two cycles, showed a concentration of medium sand in 
the upper half of the specimen and fine sand in the lower half of the specimen with a 
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distinct zone of demarcation between the grain sizes and specimen HWD-9.0 showed a 2 
mm thick, horizontally oriented zone of medium sand at the mid-height of the specimen.  
These observations indicate that although a soil experiences deformation and initial 
liquefaction at a pore pressure equal to the effective confining stress, it does not 
necessarily cause complete rearrangement or destruction of the features. 
 
6.4.2  Conclusions 
 The following conclusions were derived from the cyclic triaxial testing of the 
soils: 
 In consideration of fines content (< #200) and its relationship to the cyclic 
stress curves, it was found that there was no correlation between the fines 
content and the positions of the curves at Nl = 15 cycles. 
 A lower cyclic stress ratio curve was observed for soils with a higher clay 
content– that is, Sampit had the highest CSR curve and the lowest clay content, 
Four Hole Swamp had the lowest CSR curve and the highest clay content, and 
Hollywood was intermediate between the two. 
 There was no relationship defined by D50 and the positions of the CSR curves. 
 The cyclic stress ratio curves for each site found using 2.5% double amplitude 
strain and ru = 1.0 had the same relative positions, but the CSR curves for 2.5% 
double amplitude strain were greater than the CSR curves for ru = 1.0.  The 
CSR for 2.5% double amplitude strain at Nl = 15 cycles was found to exceed 
the CSR for ru = 1.0 at Nl = 15 cycles for all sites by a range from 0.6% at Four 
Hole Swamp to 2.4% at Sampit. 
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 There does not appear to be a relationship between the age of the soil deposit 
and the cyclic stress curves at 2.5% double amplitude strain.  This was also 
observed for the condition where ru = 1.0. 
 Because of the variability in the ages of sand blow formation, there is  no clear 
relationship between the age of sand blow formation (disturbance of the soil 
deposit) and the cyclic stress ratio curves at ru = 1.0 or at 2.5% double 
amplitude strain. 
 The presence of the stratification features observed in the post-test cyclic 
triaxial specimens is supported by observations of split spoon samples, 
variations in mean grain size with depth, and observation of frozen core 
samples (Four Hole Swamp, depth interval of 4.0 to 4.5 m, showed dark, heavy 
mineral grains in horizontal to sub-horizontal layers) and demonstrates that 
complete rearrangement or destruction of the features did not occur by 
deformation and initial liquefaction at a pore pressure equal to the effective 
confining stress. 
 In the case of the divergent Sampit CTX results, in which two distinct CSR 
curves can be defined, there is no obvious, definitive cause for the variability in 
the liquefaction behavior. 
In summary, the results of the laboratory CTX tests do not provide whole support 
for the age-liquefaction resistance relationship where liquefaction resistance (CRR) 
increases with the age of the soil.  Clay content has an influence on the relative positions 
of the cyclic stress ratio curves for the SCCP sites studied herein. 
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6.5  Field Analysis 
The field methods used to obtain soil parameters, which were used in the 
empirical methods to evaluate liquefaction resistance, included the CPT and the SPT with 
energy measurements (SPTE).  The analysis of the field tests provided support for two of 
the research goals – determining the liquefaction resistance of Pleistocene soils at SCCP 
research sites of varying ages using field methods and developing a liquefaction 
resistance-age relationship that is suited to the SCCP soils based on field tests.  The CPT 
provided for values of qc1N and the SPTE provided for values of (N1)60.  The values of 
qc1N were used in the determination of the clean sand CRR for the Youd et al. (2001) and 
Idriss and Boulanger (2008) methods.  The Idriss and Boulanger (2008) method requires 
knowing the fines content of the soil for the CPT-based method as determined from 
laboratory testing.  The values of (N1)60 were used in the determination of the CRR for 
the Youd et al. (2001), Seed et al. (2003), and the Idriss and Boulanger (2008) methods.  
For all three methods based on the SPTE, the fines content was required to determine the 
clean sand CRR. 
CRRfield values were determined for soils from each research site using the CSR at 
N equal 15 cycles and ru equal to 1.0, KD values from the flat plate dilatometer test, and 
qc values from the cone penetration test (Table 5.15 and Figure 5.26).  The CSR values 
were adjusted for differences in K0 between the laboratory cyclic triaxial test and the in 
situ condition and the differences in directional modes of seismic motion occurring 
between the laboratory cyclic triaxial test (uni-directional) and the field (multi-
directional). 
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6.5.1  Cone Penetration Test 
6.5.1.1  CSR and CRR 
6.5.1.1.1  Summary of Findings 
Plots of the CSR and the CRR with depth show that the CSR (Mw = 7.5, amax = 
0.3 g) exceeds the CRR determined from the Idriss and Boulanger (2008) method using 
qc1N for the Pleistocene sands at the Four Hole Swamp, Hollywood, and Sampit sites 
(Figures 5.23, 5.24, and 5.25, respectively).  Although the CRR based on the Youd et al. 
(2001) method trends similarly to the Idriss and Boulanger method, it indicates higher 
values of CRR at Four Hole Swamp and Sampit.  At Hollywood, only the approximate 
upper half of the Pleistocene sand profile shows this arrangement.  The approximate 
lower half of the Hollywood profile shows the CRR from the Youd et al. (2001) method 
to be equal to or less than the CRR from the Idriss and Boulanger (2008) method. 
The Youd et al. (2001) method indicates that a greater portion of the Pleistocene 
sand profile is liquefiable at the Four Hole Swamp and Sampit sites compared to the 
portion of the profile determined to be liquefiable using the Idriss and Boulanger (2008) 
method.  The Idriss and Boulanger (2008) method indicates that the entire Pleistocene 
soil profile is liquefiable at Hollywood, which closely agrees with the Youd et al. (2001) 
method and that the entire Pleistocene soil profile is liquefiable at Four Hole Swamp.  At 
Sampit, however, the method indicates that portions of the lower profile within the 
Pleistocene source sand layer are non-liquefiable.  Inspection of Figures 5.23, 5.24, and 
5.25 lends clarity to the discussion. 
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6.5.1.1.2  Conclusions 
 Overall, the Youd et al. (2001) method indicates greater values of CRR relative 
to the Idriss and Boulanger (2008) method for soils in the South Carolina 
Coastal Plain. 
 The CRR of Pleistocene soils are less than the CSR given a moment magnitude 
equal to 7.5 and a peak ground acceleration less than 0.3 g at Four Hole 
Swamp and Hollywood and less than 0.4 g at Sampit. 
 
6.5.1.2  qc1N vs. CRR 
6.5.1.2.1  Summary of Findings 
For soils at Four Hole Swamp, the Pleistocene CRR clean sand curve determined 
using the Idriss and Boulanger (2008) method was found to exceed not only the Holocene 
clean sand (5% fines content) CRR curve, but also the Holocene 10% fines content CRR 
curve (Figure 5.31).  Similarly, at Hollywood, the Pleistocene CRR clean sand curve was 
found to cross-cut and exceed the 10%, 15%, and 35% (at lower CRR) fines content CRR 
curves using the Idriss and Boulanger (2008) method (Figure 5.34).  Applying the Idriss 
and Boulanger (2008) method to soils at Sampit, the Pleistocene CRR data were found to 
reside close to the Holocene clean sand base curve, but equal the 15% fines content curve 
and cross-cut the 10% fines content curve at lower CRR (Figure 5.37). 
The Pleistocene CRR data determined from the Youd et al. (2001) method 
exceeded the Youd et al. (2001) Holocene clean sand base curve for soils at Four Hole 
Swamp and Sampit with the Four Hole Swamp curve occupying a higher position than 
the Sampit curve (Figures 5.32, 5.38, and 5.42).  One data point of the nine CRR data 
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points forming the Hollywood Pleistocene clean sand curve resided below the Holocene 
clean sand base curve. 
For soils at Four Hole Swamp, CRRfield (= 0.100) resided above the Idriss and 
Boulanger (2008) Holocene clean sand curve (CRRqHcs = 0.084) and below the Idriss and 
Boulanger (2008) Pleistocene clean sand curve (CRRqPcs = 0.104) (Figure 5.31).  CRRfield 
(= 0.100) resided slightly above the Youd et al. (2001) Holocene clean sand curve 
(CRRqHcs = 0.092) and resided below the Youd et al. (2001) Pleistocene clean sand curve 
(CRRqPcs = 0.162) (Figure 5.32).  For the two methods used to evaluate the Four Hole 
Swamp soils, CRRfield was found to lie at or above the Holocene clean sand curve. 
At Hollywood, the CRRfield value (= 0.098) was found to lie below the Holocene 
clean sand curve (CRRqHcs = 0.134) as determined from the Idriss and Boulanger (2008) 
method (Figure 5.34).  This was also the case for the Pleistocene clean sand curve where 
CRRqPcs = 0.457.  The Youd et al. (2001) method showed the CRRfield value positioned 
below the Holocene and Pleistocene clean sand curves (CRRqHcs = 0.159 and CRRqPcs = 
0.185) (Figure 5.35). 
The Sampit CRRfield value (= 0.131) was shown to exceed the Holocene clean 
sand CRR curve and to reside slightly below the Pleistocene clean sand CRR curve 
determined using the Idriss and Boulanger (2008) method with values of CRRqHcs = 0.117 
and CRRqPcs = 0.135, respectively (Figure 5.37).  Based on the Youd et al. (2001) 
method, CRRfield was found to reside at the Holocene clean sand curve (CRRqHcs = 0.132) 
and below the Pleistocene clean sand curve (CRRqPcs = 0.179) (Figure 5.38).  For the two 
subsets of Sampit CRR data, Subset 1 (higher cyclic stress curve) maintains a CRRfield = 
0.136, which is greater than the CRRqHcs value equal to 0.124 and less than the CRRqPcs 
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value equal to 0.146 based on the Idriss and Boulanger (2008) method and Subset 2 
(lower cyclic stress curve) maintains a CRRfield = 0.119, which is greater than the 
CRRqHcs (= 0.107) and greater than the CRRqPcs (= 0.114) using the Idriss and Boulanger 
(2008) method.  The Youd et al. (2001) method produces CRRqHcs = 0.140 and CRRqPcs = 
0.190 for Subset 1, which are both greater than CRRfield (= 0.136) and CRRqHcs = 0.118 
and CRRqPcs = 0.153 for Subset 2, which are less than and greater than CRRfield (= 0.119), 
respectively. 
The Idriss and Boulanger (2008) method generated Pleistocene, age-related CRR 
clean sand curves that were arranged accordingly from lowest to highest position relative 
to the Holocene curve – Sampit, Four Hole Swamp, and Hollywood (Figure 5.41).  In 
terms of CRR values at qc1N equal to 100, the value for Sampit was equal to 0.159, the 
value for Four Hole Swamp was 0.186, and the value for Hollywood was 0.213. 
The Hollywood and Sampit soils did not contain the same proportion of clay 
(7.5% and 2.6%, respectively) as Four Hole Swamp soil (8.9%).  The presence of the 
kaolin affects the frictional resistance as measured by the CPT.  This is significant for the 
Youd et al. (2001) method because the friction ratio is used in the determination of the 
CRR value and results in higher CRR values compared to those determined using the 
Idriss and Boulanger (2008) method, which does not consider the frictional property of 
the soil. 
The combination of age sequences based on sand blow age could support the Four 
Hole Swamp CRR curve being lower than the Hollywood and Sampit CRR curves as 
found using the Idriss and Boulanger (2008) method or it can support the Four Hole 
Swamp CRR curve being higher than the Hollywood and Sampit CRR curves as 
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determined using the Youd et al. (2001) method.  The age of the sand blow at Four Hole 
Swamp is approximately 1660 years, at Hollywood the age varies from 467 to 4185 
years, and at Sampit the age ranges from 521 to 2471 years.  However, it would be 
expected that any soils disturbed less than 10,000 years ago, as the sand blow soils have 
been, would have produced CRR values that were coincident with or below the Holocene 
CRR curve.  This is not the case with the CRR data using the Idriss and Boulanger (2008) 
and Youd et al. (2001) methods. 
The Hollywood (220,000 yrs old) CRR curve is located closest to the Holocene 
clean sand curve and the Four Hole Swamp (1,400,000 yrs old) CRR curve is located 
farthest from the Holocene clean sand curve.  The Sampit (450,000 yrs old) CRR curve is 
positioned between the Four Hole Swamp and Hollywood CRR curves.  Benchmarking 
the CRR values at a value of qc1N equal to 100 indicates the progression of CRR increase 
with the increase in age of the soil – for the Hollywood soil, CRR = 0.193, for the Sampit 
soil, CRR = 0.214, and for the Four Hole Swamp soil, CRR = 0.241.  Because the Youd 
et al. (2001) method produces the proper age-sequencing of the Holocene and Pleistocene 
CRR clean sand curves based on age of deposit, the relationship between CRR, qc1N, and 
age (t) is developed from three-dimensional curve fitting to produce the following: 
𝐶𝑅𝑅7.5,𝑐𝑠 =
−29.3387
𝑡
+ 0.022955 ∙ exp(0.018405 ∙ 𝑞𝑐1𝑁) + 0.000402 ∙ ln (𝑡)
2 
 During the cone penetration testing at the Fort Dorchester site, it was found that 
soils from the source deposits were unsaturated based on pore pressure and water table 
measurements.  This has been shown to cause a bias in the tip and sleeve stresses due to a 
lack of water lubrication between the soil and steel cone and sleeve components.  For this 
reason, the Fort Dorchester data was omitted from further analysis and comparison.  All 
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other sites were found to have sufficiently high water tables for saturation of the source 
soils. 
 
6.5.1.2.2  Conclusions 
 The Pleistocene CRR clean sand curve exceeded the respective Holocene 
CRR clean sand curve using the Idriss and Boulanger (2008) and Youd et al. 
(2001) methods for soils at Fort Dorchester, Four Hole Swamp, Hollywood, 
and Sampit. 
 In all cases, the Youd et al. (2001) Holocene clean sand base curve is 
positioned higher than the Idriss and Boulanger (2008) Holocene clean sand 
base curve. 
 The Pleistocene CRR clean sand curve for Fort Dorchester was notably higher 
for both methods due to the soils not being saturated (low water table), which 
excluded it from further consideration in age-sequencing discussions. 
 CRRfield values were found to range from below to above the Holocene clean 
sand curve.  It was expected that the CRRfield values would exceed both the 
Holocene clean sand CRR curve and the Pleistocene clean sand CRR curve.  
Presumably, this would have occurred because the CRRfield value is derived 
from what was to have been the least disturbed of the soils – those from the 
piston tube sampler relative to the CPT and SPTE.  However, CRRfield is 
subject to the uncertainty in determining K0, which is based on KD from the 
DMT, qc from the CPT, and σʹvo from the unit weight of the soil. 
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 When evaluating the qc1N vs. CRR clean sand curves in consideration of the 
age of the soil deposits, it was found that the soils of different ages from the 
different sites (220,000 yrs at Hollywood, 450,000 yrs at Sampit, and 
1,400,000 yrs at Four Hole Swamp) showed distinct and discrete curves that 
were offset from and produced a CRR curve of higher CRR values than the 
Holocene (< 10,000 yrs old) clean sand CRR curve (Figures 5.39 and 5.40).  
This is an indication that the soils do not maintain the properties of recent, 
freshly deposited soils.  This supports the assertion that older (Pleistocene) 
soils maintain greater liquefaction resistance than younger (Holocene) soils. 
 Four Hole Swamp and Sampit soils were age-sequenced, but the Hollywood 
soil did not occupy the lowest position within the set of CRR curves. 
 The occurrence of kaolin clay identified by the SEM and as clods by visual 
inspection within the Four Hole Swamp sands may have had a role in 
affecting the behavior of the specimens during cyclic triaxial testing. 
 The clay fractions, however, coincide with the sequence of the CRR curves 
based on the Idriss and Boulanger (2008) method.  The higher clay proportion 
coincides with the lowermost CRR curve for Four Hole Swamp and the lowest 
clay proportion coincides with the highest CRR curve for Sampit. 
 The Pleistocene CRR curves were not clearly sequenced based on the ages of 
sand blow formation because of the closeness and, in some cases, overlap in 
the range of ages of sand blow formation. 
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 The Four Hole Swamp, Hollywood, and Sampit Pleistocene clean sand CRR 
curves are in proper sequence for the Youd et al. (2001) method given the 
ages of the soil deposits. 
 Because the Youd et al. (2001) method produces the proper age-sequencing of 
the Holocene and Pleistocene CRR clean sand curves based on age of deposit, 
the relationship between CRR, qc1N, and age (t) was expressed as: 
𝐶𝑅𝑅7.5,𝑐𝑠 =
−29.3387
𝑡
+ 0.022955 ∙ exp(0.018405 ∙ 𝑞𝑐1𝑁) + 0.000402
∙ ln (𝑡)2 
This equation supports the development of a relationship that is age-based and 
more suited to SCCP soils. 
Based on the summary of findings and the conclusions, determining the 
liquefaction resistance of Pleistocene soils of varying ages at the three SCCP research 
sites using field testing and developing a liquefaction resistance-age relationship that is 
suited to the SCCP soils has shown that the relationship is distinctly different from the 
liquefaction resistance determined using methods based only on Holocene soils. 
 
6.5.1.3 Practical Aspects 
 The high frequency of data acquisition by the CPT and its ability to collect 
multiple types of data makes it an excellent tool for characterizing the 
subsurface, particularly for defining soil stratigraphy. 
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 It remains necessary to obtain soil samples for laboratory tests because the 
fines content is needed for determining the liquefaction resistance of the soil 
using the Idriss and Boulanger (2008) and Youd et al. (2001) methods. 
 Consideration should be given to the amount of soil required for laboratory 
testing (you can never have enough sample).  The number and thickness of 
different soil types identified using the CPT can aid in the decision to use a 
small diameter sampler in thick soil layers with consistent characteristics or 
use of a large diameter sampler in thin soil layers to collect a sufficiently large 
volume of soil for testing. 
 
6.5.2  Standard Penetration Test 
6.5.2.1  CSR and CRR 
6.5.2.1.1  Summary of Findings 
Plots of the CSR and the CRR with depth show that the CSR (Mw = 7.5, amax = 
0.3 g) exceeds the CRR determined from the Idriss and Boulanger (2008), Seed et al. 
(2003) and Cetin et al. (2004), and Youd et al. (2001) methods using (N1)60 for the 
Pleistocene sands at the Four Hole Swamp and Hollywood sites (Figures 5.1 and 5.2, 
respectively).  At the Sampit site, this is also true except for the uppermost penetration 
point at elevation 11.0 m in poorly graded sand using the Idriss and Boulanger (2008) method, 
which exceeds the CSR at 0.4 g (Figure 5.3). 
At Four Hole Swamp and Hollywood, CRRfield exceeds the Pleistocene CRR 
curves and at Sampit CRRfield falls below the Pleistocene CRR curve using the Youd et 
al. (2001) method. 
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6.5.2.1.2  Conclusions 
 CSR exceeds the CRR determined from the Idriss and Boulanger (2008), Seed 
et al. (2003) and Cetin et al. (2004), and Youd et al. (2001) methods using 
(N1)60 for the Pleistocene sands at the Four Hole Swamp, Hollywood, and 
Sampit sites. 
 The CRRs for the three methods trend similarly to each other at each of the 
three sites and the Idriss and Boulanger (2008) method maintains the highest 
CRR of the three methods, which is followed by the Youd et al. (2001) 
method.  The Seed et al. (2003) method indicates the lowest CRRs of the three 
methods. 
 Cyclic resistance ratios (CRRfield) determined from the laboratory cyclic 
triaxial tests (N = 15 cycles and adjusting for K0, resulting in CRRfield values) 
exceed the Pleistocene CRR curves using the Seed et al. (2003) method for all 
sites and fall below the Pleistocene CRR curves using the Idriss and 
Boulanger (2008) method for all sites. 
 For the Pleistocene soils at the Four Hole Swamp, Hollywood, and Sampit 
sites, the CRR was found to be less than the CSR for an earthquake moment 
magnitude equal to 7.5 and a peak ground acceleration less than 0.3 g for all 
three methods of analysis. 
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6.5.2.2  (N1)60 vs. CRR 
6.5.2.2.1  Summary of Findings 
At Four Hole Swamp, CRRfield (= 0.100) resided above the Idriss and Boulanger 
(2008) Holocene clean sand curve (CRRHcs = 0.095) and below the Idriss and Boulanger 
(2008) Pleistocene clean sand curve (CRRPcs = 0.104).  CRRfield was found also to lie 
above the Seed et al. (2003) Holocene clean sand CRR (= 0.050) and above the Seed et 
al. (2003) Pleistocene clean sand CRR (= 0.070).  For the Youd et al. (2001) method, 
CRRfield exceeded the CRR from the Holocene clean sand curve (= 0.061) and the 
Pleistocene clean sand curve (= 0.078) (Figures 5.4 through 5.7). 
At Hollywood, the CRRfield value (= 0.098) was found to lie slightly above the 
Holocene clean sand curve (CRRHcs = 0.097) as determined from the Idriss and 
Boulanger (2008) method, however, it was found to lie below the Pleistocene clean sand 
curve where CRRPcs = 0.116.  The Seed et al. (2003) method showed that the CRRfield 
value was greater than the Holocene clean sand CRR (= 0.052) and the Pleistocene clean 
sand CRR (= 0.077).  Based on the Youd et al. (2001) method, the CRRfield value was 
positioned above the Holocene and Pleistocene clean sand curves (CRRHcs = 0.063 and 
CRRPcs = 0.092, respectively) (Figures 5.8 and 5.11). 
The Sampit CRRfield value (= 0.131) was found to be less than the Holocene and 
Pleistocene clean sand CRR curves determined using the Idriss and Boulanger (2008) 
method with values of CRRHcs = 0.133 and CRRPcs = 0.137, respectively.  Using the Seed 
et al. (2003) method, CRRfield was found to exceed the Holocene clean sand CRR (= 
0.077) and the Pleistocene clean sand CRR (= 0.096).  Based on the Youd et al. (2001) 
method, CRRfield was found to reside above the Holocene clean sand curve (CRRHcs = 
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0.105) and above the Pleistocene clean sand curve (CRRPcs = 0.114) (Figures 5.12 
through 5.14). 
For the two subsets of Sampit CRR data, Subset 1 (higher cyclic stress curve) 
maintains a CRRfield = 0.136, which is greater than the CRRHcs value equal to 0.133 and 
slightly less than the CRRPcs value equal to 0.137 based on the Idriss and Boulanger 
(2008) method and Subset 2 (lower cyclic stress curve) maintains a CRRfield = 0.119, 
which is greater than the CRRHcs (= 0.116) and equal to the CRRPcs (= 0.119) using the 
Idriss and Boulanger (2008) method.  The Seed et al. (2003) method applied to the Subset 
1 data produced a CRRHcs value equal to 0.077 and a CRRPcs value equal to 0.096, which 
are both less than CRRfield.  CRRfield was also greater than the CRRHcs = 0.066 and 
CRRPcs = 0.080 determined from Subset 2 data.  The Youd et al. (2001) method produced 
similar results to that of the Seed et al. (2003) method.  CRRfield exceeded the CRRHcs (= 
0.105) and CRRPcs (= 0.122) of the Subset 1 data and it also exceeded the CRRHcs (= 
0.091) and CRRPcs (= 0.117) of the Subset 2 data (Figure 5.15). 
The Idriss and Boulanger (2008) method showed that the Four Hole Swamp soil 
(1,400,000 yrs old) maintains a higher CRR than Hollywood soil (220,000 yrs old) at 
higher (N1)60, but lower CRR at lower (N1)60 (Figure 5.18).  The majority of the 
Hollywood CRRPcs curve exceeds the Four Hole Swamp CRRPcs curve.  The Sampit soil 
(450,000 yrs old) CRRPcs curve is found to be lower than the Hollywood and Four Hole 
Swamp CRRPcs curves and lying coincident with the Holocene clean sand curve.  Both 
the Hollywood and Four Hole Swamp CRRPcs curves are positioned above the Holocene 
CRR curve for the fines content of 35%.  The Sampit CRRPcs curve extends from the 
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Holocene CRR curve for the fines content of 35% to between the CRR curves for 5% and 
15% fines content. 
Similar to the Idriss and Boulanger (2008) method, the Seed et al. (2003), and 
Cetin et al. (2004) methods showed that the Four Hole Swamp soil (1,400,000 yrs old) 
maintains a higher CRR than Hollywood soil (220,000 yrs old) at higher (N1)60, but lower 
CRR at lower (N1)60 and the majority of the Hollywood CRRPcs curve exceeds the Four 
Hole Swamp CRRPcs curve (Figure 5.16).  The Sampit soil (450,000 yrs old) CRRPcs 
curve is found to be lower than the Hollywood and Four Hole Swamp CRRPcs curves.  
Both the Hollywood and Four Hole Swamp CRRPcs curves are positioned above the 
Holocene CRR curve for the fines content of 35%.  The Sampit CRRPcs curve extends 
from the Holocene CRR curve for the fines content of 35% to just below the curve at 
higher (N1)60 values. 
Also similar to the Idriss and Boulanger (2008) and Seed et al. (2003) methods, 
the Youd et al. (2001) method showed that the Four Hole Swamp soil (1,400,000 yrs old) 
maintains a higher CRR than Hollywood soil (220,000 yrs old) at higher (N1)60, but lower 
CRR at lower (N1)60 and the majority of the Hollywood CRRPcs curve exceeds the Four 
Hole Swamp CRRPcs curve (Figure 5.20).  The Sampit soil (450,000 yrs old) CRRPcs 
curve is found to be lower than the Hollywood and Four Hole Swamp CRRPcs curves.  
The Four Hole Swamp CRRPcs curve is seen to extend across the Holocene CRR curves 
for fines contents of 15% and 35%.  The Hollywood and Sampit CRRPcs curves are 
positioned between the Holocene CRR clean sand curve (fines content of 5%) and the 
CRR curve for the fines content of 15%. 
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6.5.2.2.2  Conclusions 
 The relationship between (N1)60 and the Pleistocene CRR clean sand values 
indicated that the Pleistocene CRR clean sand curves exceeded the respective 
Holocene CRR clean sand curves using the Idriss and Boulanger (2008), Seed 
et al. (2003), and Youd et al. (2001) methods for soils at Four Hole Swamp 
and Hollywood.  At Sampit, the Pleistocene CRR values determined from the 
Seed et al. (2003) method were found to exceed the Seed et al. (2003) 
Holocene clean sand CRR curve, whereas the Pleistocene CRR values based 
on the Idriss and Boulanger (2008) and Youd et al. (2001) methods were 
found to lie approximately coincident with or slightly less than the Holocene 
clean sand CRR curves for each respective method. 
 Evaluation of the (N1)60 vs. CRR clean sand curves in consideration of the age 
of the soil deposits shows similar positioning of the Pleistocene CRR clean 
sand curves for the three methods of analysis.  This supports the assertion that 
older Pleistocene soils maintain greater liquefaction resistance than younger 
Holocene soils. 
 When using SPT data, none of the methods of CRR analysis indicated the 
proper age sequence of CRRPcs curves when considering the age of the soil 
deposit, which precludes the determination of an age-CRR relationship using 
SPT data.  The CRR curves based on the age of the sand blow would be 
expected to reside at or below the Holocene CRR curve.  
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 None of the three methods utilizing SPT data showed a properly age-
sequenced CRR curve distribution as seen with the Youd et al. (2001) CPT 
method. 
In consideration of the summary of findings and the conclusions for determining 
the liquefaction resistance of Pleistocene soils at the SCCP research sites of varying ages 
using the standard penetration test, the three available methods for determining the cyclic 
resistance indicated that the CRR curves were greater for the Pleistocene age soils than 
the CRR curves for the Holocene age soils.  However, none of the three methods 
provided for a properly age-sequenced series of CRR curves. 
 
6.5.2.3  Practical Aspects 
 It appears that the SPT caused greater disturbance to the soils than the CPT, 
which is most likely due to the stress at impact of the split spoon affecting 
soils ahead of the sampler and the damage to or destruction of fragile soil 
fabric.  Because the process of the SPT has inherently more variability and 
there are fewer penetration data obtained relative to the CPT, it is important to 
minimize the process variability. 
 Greater accuracy was introduced by measuring the energy transfer and 
providing energy corrections.  Consistency between sites was obtained by 
using the same driller and the same drilling rig and automatic SPT hammer 
over a period of approximately one week during dry, warm, Spring weather 
conditions. 
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6.6  Other Field and Laboratory Aspects 
 The ex situ freezing of the soils in the piston tubes was highly advantageous.  It 
allowed for the elimination of soil disturbance during transport to the laboratory and 
eliminated soil disturbance when cutting and trimming the CTX specimens and when 
placing them in the triaxial cell.  Based on measurements between the piston tube and the 
packers and the packers and the telltales, there was negligible to no soil expansion 
indicated by packer and telltale movement during the freezing process (Tables 4.10, 4.11, 
and 4.12). 
The potential for soil disturbance occurring due to the sampling process is a 
concern and can affect the quality of the samples used for laboratory tests and thus the 
results.  The shear wave velocity measured in laboratory CTX specimens using the 
bender elements at low confining pressure during primary saturation was found to be 
approximately equal to the shear wave velocity measured by the seismic cone penetration 
field test.  Variation in the average laboratory shear wave velocity at the end of primary 
saturation (lowest effective confining stress) relative to the field shear wave velocity was 
+10.3% for Four Hole Swamp CTX specimens, -4.0% for Hollywood CTX specimens, 
and -0.1% for Sampit CTX specimens.  This was an indication that there was little or no 
disturbance to the soil during piston sampling and ex situ freezing. 
It was found that an increase in the compression wave velocity measured in 
laboratory CTX specimens was correlated with an increase in the B-value at the end of 
backpressure saturation, however, the correlation was only clear for specimens 
considered as a group from each research site (Figure 4.84).  The laboratory shear wave 
velocity and laboratory compression wave velocity were found to increase with an 
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increase in the effective confining stresses during primary saturation, backpressure 
saturation, and consolidation (Tables 4.66 , 4.67, 4.68, and Figure 4.84). 
The axial displacement velocity of 4 mm/sec limited the rate at which a soil 
specimen could be loaded and deformed and limited the maximum strain that could be 
achieved at a given cyclic frequency.  As an example, the maximum displacement 
attainable at a cyclic frequency of one cycle/second is 4 mm, which would cause a 2 mm 
displacement during the loading portion and a 2 mm displacement during the unloading 
portion.  Subsequently, the maximum strain during the loading portion of a specimen 
with a length of 150 mm would have been 1.33% single amplitude or 2.67% double 
amplitude for the entire loading/unloading cycle.  In order to achieve higher axial strains, 
specimens would need to be either shorter in length (maintaining a minimum length to 
diameter ratio of 2.0) such that the displacement is a greater proportion of the specimen 
length or longer specimens would need to be loaded at a lower cyclic frequency such that 
higher displacement could occur during a one second period. 
Grain size distribution analyses of soil samples from the Ten Mile Hill sites were 
performed by Hu (2001) and Hasek (this study) for same-borehole, same-depth samples.  
Analyses by Hu (2001) used water as a dispersant with a wash over a #200 sieve for 
determination of the fines content, whereas analyses by Hasek (this study) used sodium 
hexametaphosphate as a dispersant for a hydrometer test and subsequent wash over a 
#200 sieve to determine the fines content.  It was found there was an increase of the fines 
content for soils ranging from 60.8% to 437% using sodium hexametaphosphate relative 
to using only water as a dispersant (Table 4.62).  This is significant because the methods 
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for determining liquefaction resistance from field tests are dependent on the accurate 
determination of the fines content. 
Global positioning system surveys were used to determine the location of 
liquefaction features and exploration points.  This is particularly useful for sites that may 
be revisited for future research as it is likely they will experience disturbance through 
timbering, flooding, or development.  It was found that surveys required approximately 
two to three hours to perform given optimal weather and satellite position conditions.  
However, for some sites the satellite availability was intermittent (non-optimum satellite 
positioning or weather-related high temperature) during the early and middle afternoon 
along the South Carolina coast, which resulted in survey durations of up to five hours. 
Any methods employed to reduce disturbance to the soils are advantageous, such 
as ex situ freezing of the soils in the piston tubes.  This was also economical and timely 
when compared to in situ freezing.  Perhaps most importantly, disturbance is eliminated 
when placing the specimen in the triaxial cell.  Compression wave velocity measurements 
using laboratory ultrasonic transducers were found to be an indicator of soil saturation.  
This is significant because measuring the compression wave velocity to indicate degree 
of saturation can preclude using backpressure for achieving saturation if long periods are 
available for primary saturation by gravitational, de-aired water flow through the 
specimen.  Also, any potential disturbance caused by multiple cyclic stress changes when 
checking the B-value can be avoided.  Limitations of testing equipment should be 
thoroughly identified prior to testing.  It is sometimes difficult to assess every possible 
need given complex testing and sometimes not every need can be met by a single testing 
unit.  Similarly, standard methods of laboratory testing, regardless of the testing agency, 
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need to be carefully assessed to determine whether they are suitable for producing 
appropriate results.  This was shown by the different ASTM methods for determining the 
fines content of the soil. 
 
6.7  Limitations 
Because aging relationships remain an emerging and developing aspect of 
liquefaction engineering, caution should be used in the application of non-site specific 
information to sites that have no age relationship information.  There has been no 
technical consensus issued by the geotechnical community that sets forth a methodology 
for the application of aging relationships as Youd et al. (2001) has done for the 
liquefaction engineering of Holocene (young) soils. 
Not all methods (Idriss and Boulanger, 2008; Seed et al., 2003; and Youd et al., 
2001) may be suited for the determination of age-related liquefaction resistance 
relationships.  This may be dependent on the mechanics of the method.  A comparison of 
the Idriss and Boulanger (2008) and Youd et al. (2001) methods using the CPT illustrates 
this point.  The difference could lie in the parameters used in the methods – Youd et al. 
(2001) accounts for soil plasticity by using Fr whereas Idriss and Boulanger (2008) does 
not. 
The aging relationship results presented herein are specific to the South Carolina 
Coastal Plain.  Because age, mineralogy, stress history, depositional environment, long-
term environmental exposure, and numerous other parameters vary, these results may not 
be applied accurately to other sites with different geological and environmental 
characteristics. 
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6.8  Recommendations for Field and Laboratory Testing 
 Based on the results of the cyclic resistance analyses, the cone penetration test 
with pore pressure measurement should be utilized at sites where there is a possibility of 
liquefaction.  Freezer boxes should be designed to accommodate only two tube samples, 
which will decrease the weight such that one person can carry the freezer box without 
injury.  Sodium hexametaphosphate should always be used as a soil dispersant for the 
grain size distribution analysis.  It assures that clay fines are liberated from the soil mass.  
Test standards do not always reflect best practice and they should always be assessed 
relative to the findings in research literature.  An example of this is the application of 
back pressure for increasing the B-value.  For the purpose of only obtaining samples for 
the depth interval of interest, an auger can be bored into the ground and then extracted 
without rotation and pulling a complete soil profile from the subsurface.  The drilling rig 
must have sufficient capacity to do this. 
 
6.9  Future Work 
There are additional topics that are worthy of address based on data generated by 
the field and laboratory work.  Sufficient information is available to perform dynamic 
numerical modeling.  Analyses would center on the soil behavior of deposits of different 
ages and would attempt to discern whether ground behavior is significantly different for 
the differently aged soils.  This would also provide an opportunity to compare the results 
from different software programs. 
Based on CTX tests performed on the reconstituted soils of previously tested 
specimens, the degree of change in the cyclic stress required to liquefy the soil would 
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produce a quantitative measure of the effect that soil fabric has on the liquefaction 
resistance of the soil.  This is important in verifying the disturbance that the soil 
experiences during the sampling process. 
The damping properties of the soils can be determined from the CTX test results.  
Damping properties are useful in numerical models and it would be interesting to note 
whether their values are related to the age of the soil deposit. 
Expanding the field characterization and laboratory testing to include other sites 
of known ages shall serve to complete the age continuum, particularly sites between 
10,000 yrs and 200,000 yrs old and between 450,000 yrs and 1,400,000 yrs old.  This will 
indicate whether there is a smooth, progressive transition of increasingly greater 
liquefaction resistance between soils of sequentially greater age or whether some soils do 
not exhibit the expected progression of liquefaction resistance with increasing age. 
Redundant field and laboratory testing at all sites of known age shall allow an 
assessment of the variability of properties related to liquefaction resistance and the range 
of overlap in the liquefaction-related properties with other sites that are closest in age.  
Similar to the previous item, this will indicate whether there is a smooth, progressive 
transition of increasingly greater liquefaction resistance between soils of sequentially 
greater age or whether a fuzzy boundary exists between the liquefaction resistance-
related properties for soils of different ages. 
Recovering in situ frozen samples for CTX testing from all sites of known age 
will assure that samples have been minimally disturbed during the sampling process and 
will give the most representative and accurate cyclic stress curves in the laboratory.  
However, soils of higher clay content (such as at Four Hole Swamp) should be carefully 
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evaluated to assure that hydraulic conductivity is sufficient for pore water transport to 
occur during the freezing process.  This will avert fabric destruction during freezing. 
As an alternative to the traditional method of recovering frozen soil samples, 
where the soil mass is frozen in situ and then cored, a method has been conceptualized 
that would allow the recovery of soil samples that are frozen in situ within the piston 
tube.  The freezing method concept can be proven through heat transfer numerical 
modeling and by performing tests within a thick bed of saturated sand in a laboratory test 
pit.  The successful retrieval of undisturbed soil would be proven by comparing cyclic 
stress curves from in situ frozen specimens with ex situ frozen specimens.  Successful 
laboratory trials would lead to field testing of the method. 
Assuming the previously described soil freezing concept is a viable sample 
recovery method, there are numerous relationships that can be economically obtained.  
Among these would be a correlation between the CRRfield and qc1N.  To further refine the 
CRRfield value, which is dependent on K0, one-dimensional consolidation tests can be 
performed on vertically- and horizontally-oriented soil specimens.  Based on the values 
of the vertical preconsolidation stress and the horizontal preconsolidation stress, K0 can 
be determined. 
Performing a case history survey and analysis of liquefaction remediation 
techniques used at sites throughout the South Carolina Coastal Plain can be very useful in 
determining the most optimal and economical ground improvement methods for South 
Carolina soils.  In addition to the survey, field testing of previously remediated 
liquefiable soils can be performed and the results compared to field tests performed prior 
to ground modification.  Depending on the method of ground modification, the 
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information would be useful in determining the aging progression of South Carolina 
Coastal Plain soils for periods of time much less than geologic time.  
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Cone Penetration Test Plots 
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Fort Dorchester 
 
 
Figure A.1.  CPT Results and Soil Type Interpretation for FD-SCPT-1. 
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Figure A.2.  CPT Results and Soil Type Interpretation for FD-SCPT-2. 
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Figure A.3.  CPT Results and Soil Type Interpretation for FD-SCPT-3. 
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Figure A.4.  CPT Results and Soil Type Interpretation for FD-CPT-4. 
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Figure A.5.  CPT Results and Soil Type Interpretation for FD-SCPT-5. 
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Figure A.6.  CPT Results and Soil Type Interpretation for FD-SCPT-6. 
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Figure A.7.  CPT Results and Soil Type Interpretation for FD-CPT-7A. 
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Figure A.8.  CPT Results and Soil Type Interpretation for FD-SCPT-7B. 
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Four Hole Swamp 
 
 
 
Figure A.9.  CPT Results and Soil Type Interpretation for FHS-SCPT-1. 
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Figure A.10.  CPT Results and Soil Type Interpretation for FHS-SCPT-2. 
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Figure A.11.  CPT Results and Soil Type Interpretation for FHS-SCPT-3. 
  
 519 
Gapway 
 
 
Figure A.12.  CPT Results and Soil Type Interpretation for GAP-SCPT-1. 
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Figure A.13.  CPT Results and Soil Type Interpretation for GAP-SCPT-2. 
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Figure A.14.  CPT Results and Soil Type Interpretation for GAP-SCPT-3. 
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Hollywood 
 
 
Figure A.15.  CPT Results and Soil Type Interpretation for HWD-SCPT-1. 
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Figure A.16.  CPT Results and Soil Type Interpretation for HWD-SCPT-2. 
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Figure A.17.  CPT Results and Soil Type Interpretation for HWD-SCPT-3. 
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Figure A.18.  CPT Results and Soil Type Interpretation for HWD-CPT-4. 
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Figure A.19.  CPT Results and Soil Type Interpretation for HWD-CPT-5. 
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Figure A.20.  CPT Results and Soil Type Interpretation for HWD-CPT-6. 
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Sampit 
 
 
Figure A.21.  CPT Results and Soil Type Interpretation for SAM-SCPT-1. 
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Figure A.22.  CPT Results and Soil Type Interpretation for SAM-SCPT-2. 
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Figure A.23.  CPT Results and Soil Type Interpretation for SAM-SCPT-3. 
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Appendix B 
 
Cyclic Triaxial Test Plots 
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Four Hole Swamp 
 
 
Figure B.1.  Cyclic Triaxial Test Results from Specimen FHS-7.7. 
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Figure B.2.  Cyclic Triaxial Test Results from Specimen FHS-9.8. 
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Figure B.3.  Cyclic Triaxial Test Results from Specimen FHS-11.4. 
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Figure B.4.  Cyclic Triaxial Test Results from Specimen FHS-14.0. 
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Figure B.5.  Cyclic Triaxial Test Results from Specimen HWD-8.5. 
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Figure B.6.  Cyclic Triaxial Test Results from Specimen HWD-9.0. 
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Figure B.7.  Cyclic Triaxial Test Results from Specimen HWD-9.6. 
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Figure B.8.  Cyclic Triaxial Test Results from Specimen HWD-10.9. 
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Figure B.9.  Cyclic Triaxial Test Results from Specimen HWD-11.4. 
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Figure B.10.  Cyclic Triaxial Test Results from Specimen HWD-12.7. 
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Figure B.11.  Cyclic Triaxial Test Results from Specimen HWD-13.2. 
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Figure B.12.  Cyclic Triaxial Test Results from Specimen HWD-15.4. 
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Figure B.13.  Cyclic Triaxial Test Results from Specimen HWD-16.4. 
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Figure B.14.  Cyclic Triaxial Test Results from Specimen HWD-17.0. 
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Figure B.15.  Cyclic Triaxial Test Results from Specimen SAM-9.8. 
 
 
 
 
SAM9.8
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
P
o
re
 P
re
ss
u
re
 R
at
io
-5.0
-2.5
0.0
2.5
5.0
A
x
ia
l 
S
tr
ai
n
 (
%
)
-40
-30
-20
-10
0
10
20
30
40
0 2 4 6 8 10 12 14 16 18 20
Cycle Number
D
ev
ia
to
r 
S
tr
es
s 
(k
P
a)
 547 
 
 
Figure B.16.  Cyclic Triaxial Test Results from Specimen SAM-12.1. 
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Figure B.17.  Cyclic Triaxial Test Results from Specimen SAM-13.7. 
 
 
 
 
 
SAM13.7
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
P
o
re
 P
re
ss
u
re
 R
at
io
-7.5
-5.0
-2.5
0.0
2.5
5.0
7.5
A
x
ia
l 
S
tr
ai
n
 (
%
)
-50
-40
-30
-20
-10
0
10
20
30
40
50
0 3 6 9 12 15
Cycle Number
D
ev
ia
to
r 
S
tr
es
s 
(k
P
a)
 549 
 
 
Figure B.18.  Cyclic Triaxial Test Results from Specimen SAM-14.5. 
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Figure B.19.  Cyclic Triaxial Test Results from Specimen SAM-15.7. 
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Figure B.20.  Cyclic Triaxial Test Results from Specimen SAM-16.5. 
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Figure B.21.  Cyclic Triaxial Test Results from Specimen SAM-17.5. 
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Figure B.22.  Cyclic Triaxial Test Results from Specimen SAM-18.0. 
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Figure B.23.  Cyclic Triaxial Test Results from Specimen SAM-18.5. 
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